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ABSTRACT

Bacillus psychrophilus W16A was found to he capable of macromolecular synthesis after the cells had been incubated at a supra
maximal temperature for a considerable length of time.

During this

time of heating the cells were dying at an expoential rate.
Protoplasts of the psychrophile were derived and stabilized.
These protoplasts were capable of forming visable colonies on solid
agar when provided with the proper osmotic stabilizers and cell wall
synthesis inhibitors.

The protoplasts were considerably more sensi

tive to heating at 35°C than were the untreated cells.

Therefore,

the loss of the cell wall material at the supramaximal temperature
was not responsible for the thermal death of _B. psychrophilus.
An attempt was made to purify the enzyme aconitase.

The

enzyme appears to be unstable and difficulties in the purification
were encountered.

x

INTRODUCTION

Psychrophiles are bacteria which have the ability to grow
at low temperatures and fail to grow at more moderate temperatures.
Many theories have been developed to explain the relatively low
maximal growth temperature of psychrophileB. Heat damage to macromolecular synthesis as well as to the structural components of
psychrophiles has been shown to result in the loss of viability.

In

this study, experiments were designed to determine if the loss of
viability of Bacillus psychrophilus W16A at a supramaximal tempera
ture could be attributed to either heat-sensitive lesions in macromolecular synthesis or to the loss of the cell wall.
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REVIEW OF LITERATURE

The utilization of the cardinal growth temperature as a
basis for microbial classification is very familiar to the micro
biologist.
groups:

By using this criterion bacteria are separated into three

psychrophiles, mesophiles, and thermophiles.

Ingraham

(1962) has pointed out the usefulness of these divisions for classi
fication of bacteria.

Psychophiles are those bacteria which have

the ability to grow at low temperatures and are unable to grow at
temperatures which are optimal for mesophillc organisms.
Forster (1887) first reported the isolation of bioluminescent microorganisms from fish which had been stored in the cold.
These bacteria possessed the ability to grow at 0°C.

He later

isolated from fresh water and ocean fish, sea water, and other
sources other organisms which had the same ability to grow at
temperatures near freezing (Forster, 1892).

A few years later

EkeliJf (1908) reported the existence of psychrophilic bacteria in the
Antartic.

Schmidt-Nellsen (1902) first used the term psychrophlle

to describe the organisms which he cultlved at 0“C.

His definition

was based not only on the ability of the organims to survive at 0°C
but also to multiply at this temperature.

Another investigator,

Muller (1903), objected to Schmidt-Nellsen's use of the term,
psychrophlle.

Muller contended that the term "psychrophlle" should
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not be applied to these microorganisms which, even though capable of
growing at 0°C, have more moderate optimal growth temperatures
(20-30°C).
Thus began the controversy which still exists today con
cerning the use of the word psychrophlle.

Certain authors feel that

the term is too loosely defined and is indiscriminately applied to
both organisms which are truly cold loving and to these which grow
at 0°C, but are also able to grow at a more moderate temperature.
The terms "psychrotolerant" (Kruse, 1910) and "psychrotrophic"
(Eddy, 1960) have been suggested for the latter group of organisms.
The term faculative and obligate have been suggested to serve as
prefixes to qualify the word psychrophlle (Hucker, 1954).

Other

less frequently encountered terms have been proposed to describe and
define these organisms.

Among these are the terms "psychrocarterlcus,"

which was used as a species name by Rubentschik (1925); "psychrobe,"
(Horowitz-Wlassowa and Grinberg, 1933); and "thermophobic and
cryophilic" (Edsall and Wetterlow, 1947).
There are alBo differences in the definitions used to
describe psychrophiles.

Schmidt-Nielson (1902) defined psychrophiles

as organisms which are capable of multiplication at 0°C.

Howoritz-

Wlassowa and Grinberg (1933) contended that organisms which were
capable of growth at 0°C, but grew better at a higher temperature,
should be termed psychrophiles.

Hess (1934) used the temperature

which allowed the maximum cell mass when classifying Pseudomonas
fluorescens as a psychrophlle.

Scott (1937) based his definition on

the temperature which allowed the maximum growth rate.

Hucker*s
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(1954) separation of psychrophiles into two groups, faculative and
obligate was designed to cover both types of organisms. This
definition was not based on the optimum growth temperature.

He

defined facultative psychrophiles as those organisms capable of
growth at 0°C and at 32°C and obligate psychrophiles as those capable
of growth at 0°C, but not at 32°C or above.

Eddy (1960) incorporated

the optimum growth temperature into his definition as well as the
maximum temperature.

He defined psychrophiles as bacteria which

have a maximum temperature below 35°C and an optimum temperature
which would be fairly close to that.

Ingraham and Stokes (1959)

suggested a definition for psychrophiles which was in agreement with
the definition posed by Schmidt-Nielsen.
modified it.

Stokes (1967) later

The definition was not concerned with the organisms

maximum temperature of growth, but was based on the organisms rate of
growth at 0°C.

In their definition the word psychrophlle was appli

cable to organisms which produced a visible colony or visible tur
bidity at 0°C within two weeks.

They also redefined the term obli

gate psychrophlle as an organism which grew rapidly at 0°C, and grew
most rapidly at temperatures below 20°C. A facultative psychrophlle
under this definition would grow rapidly at 0°C, but its maximum
temperature would be above 20°C.

This definition has become widely

accepted (Farrell and Rose, 1965).
Large areas of the worlds surface are at temperatures
which rarely rise above 20°C.

The 4/5ths of the world which is

covered by water have surface>temperatures which range from -2° to
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20°C.

More than 90% of the oceans total volume is at a temperature

of 5°C or below.

This vast area of the worlds surface supports an

active and diverse microbial population.

Even at the poles where

the temperatures are extremely low and the sea is frozen most of the
year microbial populations exist which are greater in total number
and more diverse in relation to their species than the areas of the
sea which are at a higher temperature.

With such a large portion of

the earths surface at these low temperatures it is not surprising
that psychrophiles would be widely distributed in nature (Farrell
and Rose, 1965).
McLean (1918) isolated Gram positive cocci, and Gram
positive and Gram negative rods from ice and snow which was
associated with Antartic algae.

Darling and Siple (1941) reported

the isolation of 178 organisms in Antartic snow, ice, water and
soil.

Sieburth (1959) described aerobic and obigately anaerobic

bacteria which thrive in the gastrointestinal tracts of Antartic
birds.

Straka and Stokes (1960) pointed out that the previous

investigators did not attempt to determine if the bacteria which
they isolated were capable of growth at 0°C.

The authors therefore

question the validity of classifying these isolates as psychrophiles
in accordance with the definition of Ingraham and Stokes (1959).
The moderate temperature range in which the isolates were enriched
and cultivated would deter the development of psychrophillc organ
isms and select for mesophillc organisms.

Straka and Stokes (1960)

isolated psychrophiles from Antartic soil, glacier ice, and animal
feces thus demonstrating that these organisms occurred in appreciable
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concentrations in the polar region.

At this temperature (usually

0°C) mesophilic and thermophilic bacteria would not grow or would
be virtually inactive except in the bodies of animals.

All isolates

grew at 0°C or below and had a maximal growth temperature of 20°C or
greater.

Wiebe and Hendricks (1971) also isolated organisms from

the Antartic, all of which were incapable of growth above 20°C.
lizuka, et al. (1966) isolated marine psychrophiles from "planktonice" in the Antartic Ocean.

Baker and Smith (1972) also described

bacteria which they isolated from Antartic peat.

Sinclair and

Stokes (1965) isolated 67 pure cultures of bacteria and yeast from
the polar regions.

They also determined some of the growth

characteristics of four of the yeast isolates.

Psychrophillc yeast

were also Isolated and characterized by di Menna (1966 a,b).
Boyd (1967) pointed out that some Antartic regions, during a short
summer session, will experience temperatures up to 30°C which is
optimal for mesophiles.

The occurrence of obligately psychrophillc

organisms has been reported to be rare (Sinclair and Stokes, 1965);
Ingraham and Stokes, 1959),

This occasional moderate temperature

even in this extreme environment may explain the predominance of
facultative psychrophiles.
Numerous other psychrophillc microorganisms have been
isolated from marine sources.

Among these are an obligately psychro-

philic, red pigmented bacterium (McDonald and Chambers, 1963); an
obligately psychrophillc marine vibrio, later designated Vibrio
maxinus MP-1 (Morita and Haight, 1964); another vibrio designated
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Ant-300 (Geesey and Morita, 1975); an obligately psychrophillc
Pseudomonas (Harder and Veldkamp, 1967); a marine photobacterium
(Makemson, 1973); both obligately and facultatively psychrophillc
members of the genus Clostridium (Liston et al., 1969; Finne and
Matches, 1974).

Zobel and Conn (1940) isolated temperature sensi

tive organisms from the sea floor.

Psychrophillc yeast have also

been Isolated from marine environments (Bruce and Morris, 1973;
Hagen and Rose, 1961).
Psychrophillc microorganisms have also been obtained from
more temperate environments.

Upadhyay and Stokes (1961) isolated

anaerobic psychrophillc bacteria from soil and river mud.

One of

their Isolates was a facultatively anaerobic psychrophlle which they
designated as strain 82.
physiological studies.

This organism has been used for further
Aerobic and anaerobic psychrophiles were

also isolated from mud, soil and sewage by Sinclair and Stokes (1964)
and Stokes and Redmond (1966).

A psychrotrophlc Bacillus was

isolated from Macquarie Island soil (Marshall and Ohye, 1966).

This

was the first report of the isolation of a facultatively anaerobic '
spore-forming psychrophlle.

Psychrotrophlc bacteria have been found

in abundance in soil, grass and hay (Druce and Thomas, 1970).
Psychrophillc strains of Bacillus have also been Isolated by Larkin
and Stokes (1966) from areas of moderate temperature.
Psychrophiles have been found to be prevalent in refriger
ated and frozen food products.

Therefore these organisms are of

considerable economic importance.

Their occurrence in raw and
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pasturlzed milk, as well as In the equipment Involved In milk storage
and processing, has been reported by numerous investigators
(Upadhyay and Stokes, 1961; Sinclair and Stokes, 1964; Hartley et
al., 1969; Dempster, 1968; Druce and Thomas, 1970; Bhadsavle et al.,
1972; Mackenzie, 1973).

The microflora of cheddar cheese was

examined and the psychrophillc bacteria obtained were characterized
by Clark and Reinbold (1967).

The predominant psychrophillc bacteria

in diary products were found to be strains of Pseudomonas,
Achromobacter, Fla vobacterium and Acaligenes. The Pseudomonas
strains were found to be the most damaging due to their ability to
produce undesirable flavors, odors and pigments (Ingraham and
Stokes, 1959).

The spoilage of poultry at low temperatures has been

reported to be due to the presence of psychrophiles (Barnes and
Impey, 1968; Ayres et al., 1950; Lahellec et al., 1975).

The

psychrophillc microflora of refrigerated and frozen meats has also
been reported and characterized by Sulzbacher, (1950); Brown and
Weildemann, (1958); Kempton and Bobier, (1970); and Rey et al.,
(1970).

The much studied psychrophlle, Micrococcus cryophilus, was

isolated from pork sausage by McLean et al. (1951).

Psychrophiles

have also been Isolated from frozen vegetables and fruit (Hucker,
1954; Smart, 1935).
Psychrophillc microorganisms were believed to be restrict
ed to a few genera which included Pseudomonas, Achromobacter and
Flavobacterium (Ingraham and Stokes, 1959).

It is now known that

psychrophillc organisms are widely occurring in nature and include
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aerobic and anaerobic bacteria, gram positive and gram negative, rods,
cocci and diptheriods, and sporeformers (Witter, 1961; Stokes, 1963).
Psychrophiles all have the ability to grow at 0°C.

The

growth of these organisms and the effect of temperature on their rate
of growth have been studied.

Ingraham (1962), and Tai and Jackson

(1969b) compared the growth rate of certain psychrophiles to those of
mesophiles.

They expressed their data in terms of a temperature

characteristic which demonstrated a relationship between the growth
temperature and the growth rate of their organisms.

Shaw (1967),

and Hanus and Morita (1968) however found that the psychrophiles and
mesophiles which they studied gave identical temperature character
istic.

Morita reviewed the value of employing the temperature

characteristic to determine whether microorganisms are psychrophilic
or mesophilic, and recommends that simple growth curves will ade
quately describe the organisms response to various temperatures.
The growth of psychrophiles at sub-zero temperatures has
also been investigated (Larkin and Stokes, 1967).

The organisms

investigated included gram positive sporeforming rods, gram positive
cocci, a gram negative rod and several strains of yeasts.

The growth

kinetics of these organisms were reported at temperatures as low as
-7°C.

The minimal growth temperature may have been actually lower

for these organisms but technical problems at sub-zero temperatures
prevented further study.

Scant evidence of sub-zero growth had been

previously reported by other workers (Michener and Elliott, 1964).
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The factors which permit psychrophiles to grow at 0°C and
which prevent their growth at more moderate temperatures have been
investigated.

Olsen and Metcalf (1968) suggested that the factors

which allowed psychrophiles to grow at low temperatures may be con
trolled by a limited number of genetic loci.

The conversion of a

mesophilic pseudomonad to a psychrophile was accomplished by
generalized transduction.

The resulting mutant not only possessed

the ability to grow at 0°C but also had a lower maximum growth
temperature.

The authors state that the factor which allowed growth

at 0°C was also responsible for the organisms inability to grow
at its former maximum temperature.
Many theories have been postulated to explain the physio
logical basis of growth at low temperatures as well as the effect of
thermal damage at temperatures which are supramaximal for the
organism under investigation.

These theories include:

alterations

in the membrane lipids, control of solute transport, cellular
leakage, the ability of the organism to synthesize macromolecules,
the effect of temperature on the synthesis and activity of enzymes,
and changes in cellular integrity.

Alterations in Membrane Lipids
Most bacteria contain between 2 - 5 % lipids, the majority
of which are located in the protoplasmic membrane.

The main type

of lipids in bacterial membranes are fatty acid esters of glycerol.
These lipids can be divided into two groups, neutral lipids and
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phospholipids, A wide range of microorganisms have been shown to
possess an increased proportion of unsaturated fatty acidB when they
are grown at temperatures below their optimal growth temperature.
Kates and Baxter (1962) found that the percent of double bonds in
fatty acids increases when mesophilic and psychrophillc species of
Candida were grown at 10°C as compared to 25°C.

Marr and Ingraham

(1962) studied the effect of a broad range of temperatures on the
fatty acid composition of Escherichia coll. Their results demon
strated that the percent of unsaturated fatty acids decreased as
the growth temperature was increased.

The effect of the different

temperatures on the lipid content was not influenced by the com
position of the medium but differences in the lipid composition were
observed when cells in different phases of growth were examined.
Sinensky (1971) demonstrated that E. coli will incorporate both
exogenous saturated and unsaturated fatty acids into cellular
phospholipids.

This process was shown to be temperature controlled

and that the transacylation of acyl-CoA to “t-glycerolyphosphate is
the site of this control.

Kates and Hagen (1964) when studying an

obligate psychrophile, Vibrio psychroerythrus, found hexadecenoic
acid to be the major unsaturated fatty acid.

The authors compared

the fatty acid composition of the psychrophile with that of a
mesophilic species of Serratia
temperatures.

when both were grown at different

The results concerning the proportion of saturated

and unsaturated fatty acids were in agreement with those of Marr and
Ingraham (1962).

The investigators suggested that the psychrophile
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probably had lost the ability to synthesize certain saturated fatty
acids.

Kates and his co-workers have also suggested that the differ

ences in the composition of triglycerides and phospholipids may be
in components of the solute transport mechanism.
The fatty acid composition of the membranes of several
thermophilic bacteria was determined by Daron (1970) and Yao (1970).
These organisms contained abundant amounts of saturated straightand branched-chain fatty acids.

Shen et al. (1970) found that

thermophilic bacilli contain fatty acids which possessed longer
average chain lengths (iso-16:0 and lso-17:0) than those of
mesophilic organisms (iso-15:0).

The fatty acids of the thermophilic

bacteria also had higher melting points than those of the mesophiles.
Chan et al. (1971) compared the fatty acid composition of two
thermophilic Clostridium with that of mesophilic and psychrophillc
Clostridium. The mesophile and the psychrophile had a higher percent
age of unsaturated fatty acids than did the thermophiles. The fatty
acids of the psychrophile and the mesophile had comparatively lower
melting points than those of the thermophile.

The psychrophile was

also shown to be richer in unsaturated cyclopropane fatty acids than
the mesophile.

Ray et al. (1971) investigated the changes in the

proportions of fatty acids when the thermophilic bacterium, Thermus
aquaticus, was grown at 50°C and shifted to 75°C at 5°C intervals.
The proportions of the higher melting iso - C : 16, and C : 16 acids
Increased and the mondenoic and branched- C : 17 fatty acids
decreased.

This change in fatty acid composition would enable the
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organism to maintain its desired degree of membrane fluidity and
prevent the melting and consequently the loss of membrane

control

at 70°C.
Farrell and Rose (1968) studied the effect of cold shock
on a mesophilic and a psychrophillc pseudomonad.

Cold shock is a

phenomenon which takes place when a dilute suspension of bacteria is
exposed to a sudden chilling, which results in the death of many of
the organisms.

Gram negative organisms are much more sensitive to

this phenomenon than are Gram positive bacteria.

Also the growth

phase of the cells as well as the growth medium and the composition
of the dilutent are important factors in inducing cold shock.

The

major effect of the cold shock treatment is believed to be damaging
to the cytoplasmic membrane which results in the release of
endogenous solutes.

Both a psychrophillc and a mesophilic pseudomonad

experience cold shock when cells were grown at 30°C and subsequently
exposed to temperatures of 5°, 0° or -2°C.

When the mesophile and

the psychrophile were cultivated at 10°C, they both became resistant
to cold shock.

The fatty acid composition of both the mesophile

and the psychrophile were determined when cells were grown at 10“C
and 30°C.

There was an Increase in the content of unsaturated fatty

acids in both organisms when grown at 10°C as compared to the fatty
acid composition in cells grown at 30°C.

The lipids of the psychro

phile, when grown at 30°C, contained a slightly greater proportion
of unsaturated fatty acids than those of the mesophile.

The presence

of a greater proportion of unsaturated fatty acids protected the

14

membranes of both the psychrophile and the mesophile from freezing
and therefore protected the organism from cold shock.
Oliver and Cowell (1973) investigated the fatty acid com
position of 20 marine and estuarine as well as two terrestrail
bacteria.

The most prominent fatty acid found in 14 of the 22 strains

investigated was the C 16 : I type.

In most gram negative bacteria

C 16 is commonly the major species of fatty acid.

The temperature at

which the microorganisms were cultivated in this investigation was
about 12°C less than that used in most studies of this kind.

The

effect of two different temperatures of growth (15° and 25°C) on one
of the isolates, Vibrio marinus PS-207, demonstrated a selective
increase in unsaturated fatty acids at the lower temperature.

The

percent of' C 16 •: -I-was- found to be increased by there was a decrease
in the percent of C 18 : I at this temperature.

The ratio of C 16 : 1

+ C 18 : 1/C 16 + C 18 and the percentage of the total unsaturated
fatty acids indicates that there is an increase in unsaturated fatty
acids and a decrease in saturated fatty acids with lower growth
temperatures.

It was shown that C 16 : I was the predominant fatty

acid in studies on the composition of psychrophilic bacterial membranes
by Kates and Hagen (1964) and Cho and Salton (1966).

Oro, et al.

(1967) demonstrated that Vibrie marinus MP - I has a percentage of
unsaturated fatty acids which is much lower when compared to those
reported in the survey by Oliver and Cowell (1973).

Morlta (1975)

suggested that in light of this observation the question of low
temperature membrane fluidity control is still unanswered.
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Control of solute transport
The ability of an organism to transport exogenous substrates
into the cell relies on the cell's active transport mechanism.
Enzymes which are called permeases are believed to mediate the process
of substrate transport.

An imparement to the function of these

enzymes would result in the inability of the organism to control
substrate transport.

Certain lipids are also believed to play a role

in active transport (Hokin and Hokin, 1960).

There may be a relation

ship between active transport and the physical state of the membrane.
Temperatures below the optimal for growth have been shown to decrease
the amount of substrate taken up by microorganisms.
It has been reported that whole cell preparations of organ
isms of differing cold tolerance had different temperature coeffi
cients for respiration as determined by the uptake of oxygen.

The

respiration rate of a psychrophilic organism was higher than that of
a mesophilic organism at the same temperature.

The examination of

the same cellular functions using cell-free extracts resulted in
equal temperature coefficients for the mesophile and the psychrophile.
These results obtained from this experiment by Ingraham and Bailey
(1959) suggested that the ability of the psychrophilic organism to
respire at a faster rate than the mesophile at low temperatures may
be due to better substrate uptake.

Baxter and Gibbons (1962) used

the incorporation of glucosamine to determine the uptake ability of
a psychrophilic species of Candida as compared to that of mesophile
at various temperatures.

The rate of uptake was only slightly
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temperature dependent for the psychrophile when tested at temperatures
between 0°C and 30°C.

There was virtually no uptake by the mesophile

between 0°C and 20°C and the rate was only 1/3 of its maximal at
30°C.

The authors state that the inability of the mesophile to grow

at the lower temperature was probably due to the effect of this
temperature on one or more of the transport mechanisms.

Cirillo et

al. (1963) also demonstrated that sugar transport in this same yeast
was less affected by temperatures between 0°C and 10°C than in a
mesophilic yeast.

The authors suggested that the temperature charac

teristic of the transport system was responsible for the yeasts mini
mal growth temperature.

The authors also acknowledged that the ex

periments of Ng, Ingraham and Marr (1962) do not support this
hypothesis, at least in 15. coli.
Rose and Evison (1965) demonstrated that the minimal growth
temperature of mesophilic organisms was at least partially due to
the inactivation of the mechanisms of sugar transport at 5° and 10°C.
All of the psychrophiles tested, including both bacteria and yeast,
grew well at 0°C and continued to transport sugar.

The authors also

used metabolic inhibitors to determine if any other differences
beside temperature sensitivity existed between the transport mechan
isms of the two groups of organisms.

Both psychrophiles and meso-

philes required metabolic energy as well as free phosphates to carry
out transport.

The psychrophilic and mesophilic strains of Candida

were both sensitive to nystatin.

The authors suggested that the

protein carriers in mesophiles became hyperfolded at low temperatures
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and are unable to carry out active transport.

They disagreed with

Kates and Baxter (1962) and Kates and Hagen (1964) who suggested that
cell membrane lipids may be components of the solute transport
system.

However the permeability of the microorganism, Streptomyces

hydrogenans, to "l-aminoisobutyrlc acid (AIB) increased drastically
when the cells were cooled down to 0°C.
to be due to a metabolic block.

The increase was found not

Antimycin

A, azide, and dinitro-

phenol did not appreciably increase the normal influx of the solute.
The effect of the low temperature was shown to be reversible and when
the cells were restored to 30°C the incorporation of AIB returned to
the normal rate (Ring, 1963).
The incorporation of leucine as well as other amino acids
by E. coli K12 was shown to be temperature dependent (Flperno and
Oxender, 1968).

The temperature optimum appeared to be at 50°C.

The entry of amino acids was minimal below 4°C or above 65°C.

Also,

if cells which had previously Incorporated amino acids were washed
with buffer at temperatures below 8°C, the loss of accumulated amino
acids sharply increased.

The loss of the "internal” pool was not

observed when the cells were washed with buffer at room temperature.
The apparent transition point at 8°C was suggested by the authors to
be the result of a morphological change in the membrane.

Paul and

Morita (1971) demonstrated that low temperatures and high pressure
inhibited the uptake of amino acids in a facultatively psychrophilic
marine bacterium, but that these conditions did not effect the sub
sequent amino acid metabolism.

The authors suggested that the
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hydrophobic groups of membrane proteins may be the target for these
adverse effects of pressure and temperature.
Rose (1969) has suggested that more subtle effects than
those proposed in the "lipid solidification" theory may be responsible
for the effect of temperature on the cell membrane and on active trans
port.

He stated that the saturated fatty acid side chains in the mem

brane lipids may have an effector action on the permeases proteins.
Farrell and Rose (1968) showed that the incorporation rates of glucosa
mine and <4-aminoisobutyrate at temperatures between 15° and 30°C are
lower when the organism, Candida utilis, is grown at 10° than at 30°C.
The apparent Km values for the solutes uptake were not greatly ef
fected by the growth temperature, but the apparent Vraax values were
effected by the growth temperature.

Therefore, although the affinity

of the solute for the permease was unaffected, the rate at which the
permease-solute complex dissociated was effected, which indicated
that the transport activity of the permease could be influenced by
the degree of unsaturated fatty acid chains in the membrane.

Farrell

and Rose (1967b) postulated three basic mechanisms by which low
temperatures could effect solute uptake:

(1) inactivation of

individual permeases due to low temperature induced conformational
changes; (2) changes in the molecular architecture of the membrane
which would impair the action of the permease; (3) an inability to
synthesize or use ATP which is required for active transport.

Any

one or a combination of these may play a role in determining the
minimal growth temperature for an organism.
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Cellular Leakage and Lysis
A gram negative, red pigmented obligate psychrophile which
had a TnmHnmin growth temperature of 20°C was shown to lyse at supra
maximal temperatures.

This organism, later designated as Vibrio

psychroerythrus, first became non-viable and then lysed upon incuba
tion at 25°C or higher (Hagen et al., 1964).

Death of the culture was

linear for about 15 minutes before there was any appreciable decrease
in the turbidity.

As the turbidity decreased there was a correspond

ing Increase in absorbance at 260 nm.

Lysis was not due to the release

of a soluble lytic enzyme but there was a possibility that a cell-bound
enzyme may be responsible for the lysis at supramaximal temperatures
in this organism,

Madeley et al. (1967) demonstrated that the lysis

of V. psychroerythrus did not alter the external cell surface charge
and that the increased permeability of this organism at a supramaximal
temperature is due to changes within or at the cytoplasmic membrane.
The ultrastructural changes which occurred during lysis of this
organism at 37°C were reported by D'Aoust and Kushner (1971).

At

37°C there was extensive wall degradation and very little intact
membrane was observed in these temperature-lysed cells.

Haight and

Morita (1966) isolated and characterized an obligate marine psychro
phile which was classified as a strain of Vibrio marinus MP-1.
organism had a growth range of -1° to 20°C.
temperature was 15°C.
time of heating.

The

Its optimum growth

Heat damage was shown to be dependent on the

When exposed to temperatures above the maximum for

growth total cellular disolutlon did not occur (Haight and Morita,
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1966).

Nearly Intact cells were observed in the heat damaged prepa

ration, but the loss of viability was accompanied by the appearance
in the solution of material which absorbed at 260nm.

The material

was characterized as protein, RNA, DNA, and some amino acids.

The

authors stated that in the case of Vibrio marinus leakage of cellular
components may be one of the reasons for loss of viability at
temperatures above its maximum for growth.

Kenis and Morita (1968)

showed that cells from exponentially growing cultures were more
sensitive to heating than were those from stationary cultures.

The

resistance of the older cultures to death, lysis, leakage at supra
maximal temperatures was not shown to be related to the building up
of protective substances in the medium.

There was no significant

lysis or leakage of cellular material when stationary phase cells
were heat-shocked for 120 minutes.
the cells were killed.

At this time more than 99.9% of

Leakage was shown to occur after death.

The authors concluded that leakage and lysis are not a cause but a
result of thermally induced death.
The obllgately psychrophilic yeast, Candida nivalis, was
shown to be severely damaged when exposed to 25°C (Nash and Sinclair,
1967).

The cells did not undergo lysis at this temperature but

leakage of pentose and 260nm absorbing material paralleled the loss
of viability and the onset of injury at temperatures above the
maximum for growth.

DNA, RNA, and protein were not detected in the

suspending medium of the damaged cells.

The authors stated that the

appearance of small molecular weight substances suggested that the
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heat-induced damage was to the cell membrane.

Membrane damage by

heat in this organism may be one of the factors which determines the
maximal temperature of growth.

Malcolm (1968a) measured thermal in

duced membrane damage in Micrococus cryophilus by the increased ability
of the organism to incorporate anilinonaphthalene sulfonic acid.

The

rate of incorporation of this non-metabolite did not parallel the
rapid rate in loss of viability of this organism at 30°C.

Death in

the case of M. cryophilus preceeds the Increase in permeability and
cellular lysis at supramaximal temperatures.

Macromolecular Synthesis
Pace and Campbell (1967) investigated the thermal stability
of the ribosomes from 19 different organisms.
included a variety
bacteria.

These organisms

of psychrophilic, mesophilic and thermophilic

The thermal stability of the ribosomes, as determined by

their melting temperatures (Tm), corresponded positively with the
maximal growth temperatures of the organisms.

The denaturation of

the free ribosomal RNA. was initiated at temperatures below those at
which the hyperchromicity of the whole ribosome began.

The organisms

also had higher maximum temperatures of growth than the temperatures
at which the denaturation of RNA began.

The authors proposed that

the thermal stability of the ribosomes was due to structural RNAprotein interactions.

Other investigators have demonstrated similar

correlations between the maximal growth temperature of mesophilic
and thermophilic organisms and the stability of their ribosomes
(Saunders and Campbell, 1966; Stenesh and Yang, 1967; Friedman, 1968).
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The thermal degradation o£ the ribosomes of Staphylococcus aureus
MF-31 was found to be enzymatLcally mediated (Haight and Ordal, 1969).
Nash and Grant (1969) investigated the thermal denaturation of the
ribosomes of the obligate psychrophile, Candida jgelida, as well as
the effects of heat on the functional stability of the ribosomes.
Identical tests were carried out on the ribosomes of a closely related
mesophile.

The functional stability of the psychrophiles ribosomes,

when preincubated for 5 minutes at 30° and 35°C, was decreased by
70% and 90% respectively of their initial activity as determined by
poly-U-directed incorporation of -^C-phenylalanine. The ribosomes
completely lost the ability to incorporate the label when they were
preheated for 5 minutes at 40°C.

The mesophilic ribosomes were 85%

efficient after being preincubated for 5 minutes at 55°C.

The

heated ribosomes of G gelida also showed a reduced ability to specifi
cally bind charged RNA.

The melting temperatures and the sedimenta

tion characteristics of the ribosomes from the psychrophile and the
mesophile were also compared.

The results suggested that the .

mesophilic ribosomes are less subject to thermal denaturation than
those of the psychrophile.

The thermal stability of the ribosomes of

a psychrophilic, a mesophilic, and two thermophilic Clostridium were
investigated by Irwin et al. (1973).

They found no unusual stability

in the thermophilic ribosomal RNA as determined by its melting point.
However, the Tm value (69°C) for the thermophilic ribosomes was
higher than those of the mesophile (63.8°C) and the psychrophile
(64.4PC).

The ribosomes of the four clostridial species were also
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examined for thermal Inactivation of their functional ability and
their gross physical Integrity.

The ability to carry out poly U-

directed ^-^e-phenylalanine incorporation was inactivated at lower
temperatures in the psychrophile and in the mesophile than in the
thermophile.

At 55°C little effect was seen on the thermophilic

ribosomes, but the activity of the mesophilic ribosomes decreased by
90% after one hour and the psychrophilic ribosomes lost 100% of
theirs in 10 minutes.

Sucrose gradient profiles showed that heating

at 55°C caused the psychrophilic ribosomes to aggregate and the
mesophilic ribosomes to dissociate.
Inniss (1975) emphasized the fact that the temperatures
used to test the effects of heating on psychrophilic ribosomes are
considerably higher than the maximum growth temperatures of the
organisms themselves.

Therefore, it should not be assumed that the

detrimental effects at these temperatures represent primary heatsensitive lesions.

These effects may occur long after the organism

has ceased to be viable.

Malcolm (1968b) showed that when ribosomes

of M. cryophilus were exposed to a temperature 5°C above the organ
isms maximum for growth, structural and functional changes were not
observed.
Supramaximal temperatures may also effect the soluble frac
tion of the protein synthesizing systems of the microorganisms.
Purohit and Finnerty (1967) showed that the protein-synthesizing
enzymes as well as the ribosomes are highly thermolabile in the
psychrophilic bacterium, strain 82.

The authors used the protein
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synthesizing system of the mseophile E. coll K12 as a basis for com
parison.

Sinclair and Grant (1967) reported that the obligately

psychrophilic yeast, J3. gelIda, possessed temperature-sensitive
protein synthesizing enzymes.

Nash et al. (1969) characterized more

fully the thermolability of the protein synthesizing system of this
organism.

Using a subcellular amino acid-incorporating system the

investigators found that the temperature-sensitivity of protein
synthesis was due, in part, to the presence of unusally temperaturesensitive aminoacyl-tRNA synthetases.

Thirteen specific synthetases

were examined and 7 were found to be heat sensitive.

Ten of the

tRNA species were tested, but none were temperature sensitive.
Thermolabile soluble enzymes which are involved in the formation of
ribosomal-bound polypeptide chainB were also demonstrated.

Malcolm

(1968a) demonstrated that whole cell protein synthesis was inhibited
in Micrococcus cryophicus at temperatures above 25°C, the organisms
maximum growth temperature.

The loss of viability at 30°C was due

to the inhibition of proteinsynthesis subsequently followed by the
inhibition of RNA synthesis.

DNA synthesis was not foundto be

affected by this supramaximal temperature.

It was later found that

amino acid activation and its subsequent attachment to its tRNA
species were prevented at 30°C in M. cryophilus (Malcolm, 1968b).
This temperature did not affect the transfer or the polymerization
reactions.

Three specific aminoacyl-tRNA synthetases were shown to

be inactivated at 30°C.
temperature sensitive.

One

of the tRNA species was also found to be

Further investigation showed that the
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attachment of two of the amino acids, glutamic acid and prollne, to
tRNA. was inhibited to a much greater degree than histidine.

After

glutamyl- or prolyl-tRNA was formed no temperature sensitivity was
observed, but when the tRNA was exposed to 30°C the amounts of
acylation of glutamic acid and proline decreased dramatically.

The

tRNA species were not found to be temperature sensitive when reacted
with the synthetases obtained from the mesophilic or the thermophilic
organisms.

Malcolm (1969a) suggested that charging by the psychro

philes enzymes can only occur when the tRNA has a certain conforma
tion which is allowed by low temperature making the tRNA molecule
physically accessible to the activated amino acid-AMP-enzyme complex.
Malcolm (1969b) further investigated the thermolability of the
glutamyl-tRNA synthetase.

Temperatures of 5°C above the organisms

maximum growth temperature caused structural modification resulting
in the total inactivation of the enzyme.

Tai and Jackson (1968a)

derived mesophilic mutants from the parent organism, M. cryophilus,
by ultraviolet irradiation.

The thermal denaturation temperatures

of the DNA obtained from the two mutants were shown to be unrelated
to the organisms maximum growth temperature.
Cooper and Morita (1972) found that the ability of a marine
psychrophile to take up and incorporate labeled amino acids was a
function of the temperature and of the salinity of the test medium.
At a salinity of 25% and a temperature of 22°C, protein synthesis
was inhibited, but when the salinity was raised to 35% the effect of
heat on protein synthesis was relieved.

The temperature-salinity
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relationship was also demonstrated for RNA synthesis.
Harder and Veldkamp (1967) reported that an impairment of
the protein synthesizing system of a psychrophilic pseudomonad was
responsible for decreasing the growth rate at temperatures above the
optimum.

When the cells were exposed to temperatures 2.5° to 3.5°

above the maximum growth temperature no increase in protein, RNA,
or DNA was noted (Harder and Veldkamp, 1968).
Hartwell (1967) isolated temperature-sensitive mutants of
Saccharomyces cervlsiae which grew well at 23°, but not at 36*0.
The mutants were tested for their ability to synthesize macro
molecules when grown at 36°C.

DNA, RNA, and protein synthesis as

well as cell wall formation and cell division were found to be
impared by the upshift in temperature.

Edgar and Lielausls (1964)

pointed out that a large number of an organism's proteins can be
mutated to a more temperature-sensitive lesions.

The authors pointed

out that thermal-sensitive macromolecular synthesis may be secondary
or indirectly related to other processes which were inhibited by the
temperature shifts.
Morita and Albright (1968) studied the effects of supra
maximal temperatures on the macromolecular synthesizing machinery
of V. marinus MP-4.

When the cells were exposed to 1°C above the

organisms maximum growth temperature protein, RNA, and DNA synthesis
were stimulated.

However, at 5°C above the maximum growth tempera

ture only RNA synthesis was stimulated and protein and DNA synthesis
were inhibited.

The authors concluded that the cessation of
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protein, RNA., and DNA. synthesis was not the primary lethal factor in
this organism.
Krajewska and Szer (1967) used a cell-free amino acid
incorporating system obtained from a psychrophilic pseudomonad and
compared its protein synthesizing ability to that of a cell-free
system similarly derived from E. coli. The subcellular system of
the pseudomonad was functional at temperatures of about 15°C over
the organisms maximum growth temperature.

The Mg** requirement of

the system increased as the temperature was increased.

The ribosomes

and the soluble fractions of the Pseudomonas and the E. coli were
Interchangeable at 30° - 45°C.

However at 3° - 9°C only the psych

rophiles ribosomes were active with both supernatant fractions.
Szer (1970) isolated and partially purified a fraction which he
called "factor P" from the psychrophilic pseudomonad's ribosomes.
When the psychrophile*s ribosomes were washed with NH^Cl they lost
the ability to carry out poly U-directed-polyphenylalanine synthesis
at low temperatures but not at 25° - 37°C.

When the "factor P" was

added to washed E. coli ribosomes they gained the ability to
function at 0°C.

Also the ribosomes of a mesophilic mutant derived

from the psychrophilic pseudomonad were assayed for the presence of
the factor.

The mutant's ribosomes, which only had limited function

al ability at 0°C did not possess the factor.

Addition of the factor

activated the mutant ribosomes as in the case of E. coli.
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The Effect of Temperature on the Snythesis and Activity of Enzymes
The inactivation of enzyme activity as well as enzyme syn
thesis may play important roles in the low maximal growth temperature
of some psychrophiles (Stokes, 1967; Innis, 1975; Morita, 1975).
Langridge and Morita (1966), working with V. marinus PS-207, compared
the thermolability of malic dehydrogenase in whole cell preparations
with that of cell-free extracts and partially purified fractions.

The

enzyme in the whole cell preparation was found to be stable at temper
atures between 0° and 15°C, the latter of which is the organism's
optimal temperature for growth.

About 50% loss of enzymatic activity

was noted when the cells were heated for one hour at 30°C.

Cell-free

extracts and partially purified preparations of the enzyme were
considerably more labile.

Heating for 10 minutes at 30°C produced

almost complete inactivation.

The authors concluded that the malic

dehydrogenase from this organism was protected against thermalinactivation by cellular organization.

Cold-inactivation of the enzyme,

which was also noted, appeared to be prevented in the whole cell
preparations.

Ingraham and Bailey (1959) demonstrated that in whole

cell preparations the temperature coefficient for the oxidation of
glucose, acetate, and formate was less for a psychrophilic species of
Pseudomonas than for a closely related mesophile.

When cell-free

extracts of the organisms were examined for malic dehydrogenase,
isocitrate dehydrogenase and glucose-6 phosphate dehydrogenase the
temperature differences were not noted.

As in the case of V.

marinus PS-207, the cellular organization was believed to be
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responsible for the protection of the enzymes against thermal damage.
Upadhyay and Stokes (1963a) demonstrated a temperature sensitive
formic hydrogenlyase in the psychrophilic bacterium, strain 82.

The

enzyme was completely inactivated at temperatures considerably below
those observed in the mesophile, 13. coli. The enzyme forming system
in the psychrophile was also unusually heat-labile.

The authors

noted that formic hydrogenlyase was a peripheral rather than a
critical enzyme since the organism could grow a3 well at temperatures
which prevented its formation.

Quist and Stokes (1969) determined

the temperature range for the induction of formic hydrogenlyase as
well as the amounts of enzyme formed using a non-proliferating cell
suspension.

The synthesis, as well as the enzyme, hydrogenase,

were also found to be more heat sensitive in the psychrophilic
strain 82 than in E. coli (Upadhyay and Stokes, 1963b).

The authors

state that the previously reported thermal-effects noted on formic
hydrogenlyase may have reflected the effects on the hydrogenase com
ponent of the hydrogenlyase complex. 'Whole cell protection of the
oxidative and fermentative activities was not observed when strain
82 was investigated by Purohit and Stokes (1967).

Among the

enzymes inactivated were reduced nicotinomide adenine dinucleotyde
oxidase and cytochrome c reductase.

The inactivation of the latter

enzyme may be responsible for determining the organisms maximal
growth temperature.
Hagen and Rose (1961) demonstrated that in Cryptococcus,
if the organism was exposed to a temperature shift from 16° to 30°C
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certain enzymes were reversibly damaged.
to 16°C growth was resumed.

When the yeast was returned

If the shift upward in temperature was

to 37°C the enzymatic damage was irreversible.

Growth of the yeast

did not resume when the 37°C culture was shifted back down to 16°C.
Hagen and Rose (1962) later demonstrated that the addition of Krebs
cycle Intermediates to the thermal-injured yeast would help overcome
the heat damage.

The yeast was also incapable of glutamate synthesis

at supermaximal temperatures.
Evision and Rose (1965) studied the effects of temperatures
3 - 5°C above the maximum for growth in three psychrophilic micro
organisms.

The organisms tested were strains of Arthrobacter,

Candida, and Corynebacterium.

The inability of the organisms to

grow at the supramaximal temperatures was not affected by supple
menting the cultures with peptone or yeast extract.

The activities

of many of the Kreb cycle enzymes were diminshed after transferring
the strains of Arthrobacter and Candida from temperatures optimal
for growth to those above the maximum growth temperature.

The

isocitrate dehydrogenase in the Arthrobacter and the pyruvate
dehydrogenase in the Candida were expecially heat-sensitive.
enzymes of the Corynebacterium were less affected.

The

These lesions,

found in the Arthrobacter and the Candida, may have explained the
almost complete loss of respiratory activity at the elevated temper
atures.

The authors stated that other respiratory enzymes may also

contribute to the temperature sensitive respiratory system in the
two organisms.

Bock and Neidhardt (1966a) isolated a temperature
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sensitive mutant of JB. coll. When the mutant cells were exposed to
40°C, RNA. and DNA synthesis stopped.

Protein synthesis continued

for a short time at a very low rate.

Impaired growth of the cells

on glucose, fructose and gluconate was obtained at -40°C.

A catobolic

repressor (methyl-2?-D-thiogalactoside) failed to inhibit^ -galactosidase production in the organism when heated at 36°C.

The authors

therefor Investigated the activity of catobolite enzymes for possible
lesions. Fructose-1,6-diphosphate aldolase was found to be the only
temperature-sensitive enzyme.

No activity was found in the extracts

of the mutant when grown at 30°C or 40°C although the enzyme was
detected in vivo at 30°C.

The fructose-1,6-diphosphate pool was

found to be at a level 20 times greater than normal (B6ck and
Neidhardt, 1966b).

The authors suggested that the buildup of the

sugar phosphate caused the sensitivity of the cells to glucose as
well as the cessation of RNA synthesis at 40°C.
Nashif and Nelson (1953) found that Pseudomonas fragi was
able to produce maximum amounts of lipase at a low temperature,
but not at more moderate temperatures.

The organism produced no

lipase at 30°C, but the temperature had little effect on the
maximum organism population.

Similar results were obtained when

the temperatures effects of lipase production in
were investigated by Alford and Elliot (1960).

fluorescens

The heat-labile,

proteolytic enzyme production of P_. fluorescens was reported by
Peterson and Gunderson (1960).

Extracellular and endocellular

proteolytic enzyme production was shown to be inversely proportional
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to the temperature at which the culture was grown.

The pseudomonaB

grew well at 30°C but failed to produce the levels of proteolytic
enzymes that it produced at 0° - 20°C.

Once the enzymes were pro

duced increased temperatures, even beyond the temperature at which
the organism would grow, greatly accelerated their activity.
McDonald and Chambers (1963) showed that the proteinases of coldtolerant Cytophaga and Pseudomonas species had low temperature
characteristics and were relatively heat sensitive.

McDonald and

Chambers (1963) reported on the proteinase activity of a red-pig
mented psychrophilic organism which had a maximum growth temperature
of 19°C.

The proteinase had a high temperature characteristic and

a relatively high optimum temperature for activity, which was about
20°C higher than the organism's optimum growth temperature.

Nunokawa

and McDonald (1968a,b) have done further work in the purification
and the characterization of this heat stable proteolytic enzyme.
The protease of a marine psychrophile, Pseudomonas sp. No. 548, was
isolated and purified by Kato et al. (1972).

This enzyme was

relatively heat stable with the addition of calcium acetate.
Stevens and Strobel (1968) purified two $ -glucosidases
from an unidentified psychrophilic basidiomycete.

One of the

enzymes was stable at 45°C but the other lost almost 50% of its
activity at this temperature.

Dejardin and Ward (1970) studied the

heat sensitivity of the psychrophilic fungus, Typhula idahoensis.
They postulated that the mechanism responsible for coupling growth
to respiration may be abnormally heat-sensitive.
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A psychrophilic marine pseudomonad was shown to contain a
phosphoenolpyruvate (PEP) carboxylase and an adenosine triphosphatelinked PEP carboxykinase both of which showed considerably lower
thermal stability than the homologus enzymes in Enterobacter cloacae.
Other than in heat-sensitivity, the (^-fixing enzymes of the two
organisms were shown to be very similar in their nature and in their
regulation,
Sinclair and Stokes (1965) showed that fermentation of
glucose at 35°C, but not glucose oxidation was inhibited in the
psychrophilic yeast, Candida gelidia. Grant et al. (1968) made a
survey of the enzymes involved in the alcohol fermentation pathway
of (J. gelida. Pyruvate decarboxylase was found to be the only
temperature-sensitive enzyme.

This enzyme lost 50% of its activity

after being heated at 35°C for 10 minutes.

Glucose fermentation

could be restored by the addition of active pyruvate decarboxylase
to a partially heat inactivated cell-free extract of the yeast.
This heat labile enzyme was thought to be conditionally critical
since C. gelida when heated for 30 minutes at 35°C, although unable
to grow anaerobically,was still capable of aerobic growth.

Sinclair

and Grant (1967) found that the protein-synthesizing machinery of
gelida was also thermo-labile.

Therefore the heat inactivated

enzyme would not be replaced by newly synthesized enzyme.
Hug and Hunter (1974a) showed that when the temperature
was raised from 0°C to 35°C the urocanase of Pseudomonas putida
showed little change in activity although Km increased and the
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energy of activation decreased at this temperature.

At 40°C - 45°C

there was a decrease in activity as well as a sharp Increase in the
Km value.

As the temperature was increased there was also a change

in the absorbance at 230 - 240nm.

The authors concluded that the

effects of temperature may be due to the control of enzyme activity
by conformational changes.

Hug and Hunter (1974b) also demonstrated

the effects of temperature on histidine ammonia-lyase from the
same organism.

Above and below the enzymes optimum temperature

range activity was found to be decreased.

The reduced activity was

shown to be rapidly reversible when the enzyme preparation was
returned to its optimal temperature of activity.

Changes in Cellular Morphology
Inniss and Ferroni (1973) observed that when cells of
Bacillus inaolitus were exposed to an incubation temperature of
30“C cell division was repressed due to the Inability of the organ
ism to form septa.

Filamentous cells resulted which reverted back

to their normal length when the temperature of the culture was
shifted back down to 20°C (Ferroni and Inniss, 1974).

The reversal

of filament formation was prevented by chloramphenicol, D-cyloserine,
vancomycin and penicillin.
Gounot et al. (1973) showed that when an obligate and a
facultative psychrophilic species of Arthobacter were exposed to
high (but sub-maximal) temperatures morphological changes occurred.
The facultative psychrophile appeared to have lost the ability to
form septa and the resulting cells were distorted with irregular
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branching.

The cells of the obligate psychrophile were found to be

able to form Individual septa but the cells could not separate.
Distorted hyphae, which were not found at 10°C, were observed when
the psychrophilic fungus, Sclerotinia borealis, was exposed to 25°C
for 24 hrs (Ward, 1966).

Previous Studies on Bacillus psychrophilus Wl6a
Larkin and Stokes (1966) isolated 90 strains of psychro
philic Bacillus. Twenty selected strains which were representative
of the isolates were characterized.

The psychrophiles formed four

groups, each of which was designated as a new speices.

One of the

new s pecies described was Bacillus psychrophilus; the type strain
was W16A. B.psychrophilus is a gram positive rod with rounded ends.
The organism is motile at 20° C with peritrichous flagella.

Round,

subterminal to terminal spores, are produced which may appear
ellipsoidal (Larkin and Stokes, 1967).

The organism has a maximum

growth temperature of SO^C, an optimum of 25°C, and has the-ability
to grow at -10°C.

Stokes and Larkin (1968) compared the rates of

O2 consumption with whole cell preparations of B. psychrophilus and
the mesophile, B. thurgingiensis, using glucose as the substrate.
Both organisms metabolized glucose most rapidly at 35°C.

The

psychrophiles oxidation rate was higher at temperatures below 35 °C
than was the rate of the mesophile.

The rate of glucose oxidation

at temperatures above 35°C was higher in the mesophile.

Cell-free

extracts gave the same overall response as the whole cell preparation
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These experiments demonstrated that the metabolic enzymes of the
psychrophile do differ from those of the mesophile.

Farzadegan and

Roth (1972) examined thin sections made from B. psychrophills which
had been grown on agar plates at 15 °C.
observed.

A five layer membrane was

They examined the effect of heat (45°C) on disrupted cell

wall fragments.

Alsobrook,

et al. (1972) examined the effect

of

various temperatures on the cellular integrity of the organism.
RNA, protein, carbohydrate, and inorganic phosphate were found to
leak from the cells at a rate which was temperature dependent.

The

amount of leakage at 40°C when 90% of the cells had died could be
sustained at the organisms optimum temperature with little or no
cell death indicating that leakage was a result and not a cause of
death.

The cell wall of the organism was shown to be temperature

sensitive at 40°C.

The outer layer of the cell wall as well as the

middle layer was stripped away and only the inner layer remained.
This fast deterioration of the cell wall may lead to death of the
psychrophile at this temperature.
Mattingly and Best (1971, 1972) have characterized the
cell wall of the Bacillus. They have shown that an enzymatic pro
cess at low temperatures as well as a non-enzymatic process at supra
maximal temperatures is responsible for cell wall deterioration.
Kim and Larkin (1973) derived mesophilic mutants from 13.
psychrophicus which were identical with parent except for their
growth range.

The thermal denaturation of the ribosomes gave

identical profiles for the psychrophile, the mutant, and the closely
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related mesophilic organism, B. sphaericus. Gill (Masters thesis,
1972) using one of the mesophilic mutants designated as 5A-1, and
jj. sphaericus, compared the enzyme activity of the crude extracts
at different temperatures.

NADH oxidase, succinic dehydrogenase,

cytochrome c reductase and particularly aconltate hydratase were
found to be more sensitive in B. psychrophilus than in the meso- .
philes.
Innis et al. (1974) derived cold-sensitive mutants of _B.
psychrophilus which showed different colony morphology when compared
with the wild type strain at S°C.

Also at 5°C the mutant was unable

to form septa and preduce elongated cells.

The parent strain was

shown to form elongated cells when heated at 32.5°C (Joakim and
Inniss, 1976).

As in the case of Bacillus insolitus, the filamenta-

tion was reversible when the heated cells were returned to 20°C.

Aconitase
The enzyme aconitase is a member of the Krebs cycle and
catalyzes the interconversion of citrate, Isocitrate, and cisaconitic acid.

Martius first demonstrated that-ketoglutarate was

the major product of citric acid oxidation by tissue breis.

The

isolation of this intermediate led him to the conclusion that
citrate itslef was not directly oxidized, but was transformed into
another chemical substance subsequent to oxidation.

He suggested

that aconitic acid was a dehydrated intermediate which was rehydrated
to isocitric acid.

The dehydrogenation of isocltrate followed in
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the series of reactions he postulated.

He also demonstrated that

cls-aconltic acid and d-isocitrate were selectively oxidized to
ketoglutarate.

-

Breusche later named the enzyme or enzymes responsi

ble for the transormation of cis-aconltlc acid into citric or
isocltric acid, aconitase (Dickman, 1961).
Jacobsohon and Tapadlnhas suggested that two enzymes or
different catalytic sites

on the same protein are responsible for

the two modes of hydration of cis-aconitate (Glusker, 1971).
Martius and Leonhardt (1939) contended that a single protein was
involved.

Ogston (1951) stated that by anology withfumarase, one

enzymatic site performed both reactions.

Buchanan and Anfinsen

(1964) achieved a 23-fold purification and observed no differences
in the relative rates of reaction therefore supporting Ogston's
theory.

Norrison (1954) and Plamer (1964) have obtained similar

evidence.

Tomizawa (1953 a,b) also demonstrated that only one

enzyme was involved in the reaction.
were

When two of the substrates

mixed in equal amounts the rate of formation of the third sub

stance was found to be between the larger and the smaller rates ob
tained when only a single substrate was used.

Morrison (1954)

demonstrated an electrophoretically hemogeneous protein which showed
aconitase activity.

Both isocitrate and cis-aconitate were con

verted to citrate by the protein, isolated from pig-heart.

He thus

established that a single protein was responsible for the two
reactions.
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The purification of the enzyme has been greatly hampered
by its instability*

Krebs and Eggleston used glycerol to stabilize

crude extracts (Morrison, 1954).

Buchanan and Anfinsen (1949) found

that citrate was the most effective stabilizer of pig-heart aconitase.
Glycerol had no stabilizing effect on their preparations.

Dickman

and Cloutier, also studying pig-heart aconitase, used FerrouB ions
in combination with cystine to stabilize crude preparations as well
as the more highly purified enzyme.

They also found that reducing

agents including glutathione and especially ascorbic acid increased
the enzymes activity (Dickman and Cloutier, 1951).

Buchanan and

Aufinsen (1949) had found that cysteine stabilized the crude
enzyme, but strongly inhibited the purification preparation.
Morrison (1954) used Fe++ to activate the enzyme.

After dialysis,

activity was greatly enhanced by the addition of Fe++ (5 x 10™^M)
and cysteine (0.01M) which completely replaced the dialyzable
prosthetic group.

In the absence of substrate the enzyme was inac

tivated rapidly by phosphates.
Dickman and Cloutier (1951) tested various cations for
their activation effects on aconitaBe.

Of those treated, which in

cluded Mg’*"*, Mb.**, Ca++, Ba**, Fe* *1, and Fe++, only Fe** addition
resulted in consistant reactivation.

Rose and O'Connell (1967) and
I I

Mildvan (1971) also reported on the effect of Fe
their preparation from pig-heart.

and cysteine in

Fansler and Lowensteln (1969) and

Kennedy, et al. (1972) used tricarballylate (a very weak inhibitor
of the aconitase reaction with a Ki ■* 47 mM with respect to

cis-aconitate) to stabilize their preparation of pig-heart aconitase
Soeda et al. (1973) tested various protecting agents and activators
on the aconitase isolated from the silkworm.

When the enzyme was

stored at -20°C for 4 months in 50% glycerol, 34% of its activity
was lost.
ity.

Citrate (20mM) had little effect on the enzyme’s stabil

As opposed to the results obtained by Dickman and Cloutier

(1951), ascorbic acid inactivated the enzyme, cysteine had no effect
and FeS04 •7H20 had a very slight activating effect.
was also found to have a slight stimulatory effect.

NADH (0.2mM)
Both fluro-

cltrate and fluoroacetate acted as inducers and as stabilizers of
the aconitase from Candida lipolyticus (Suzuki et^ al., 1975).
Fluroacetate is metabolized to fluorocitrate, which is a wellknown and powerful inhibitor of mammalian and plant aconitase
(Treble, 1962).
Much of the early work on the purification of the enzyme
was done with pig-hearts.

Buchanan and Anfinsen obtained a 30%

pure preparation by using a series of alcohol fractionations fol
lowed by ammonium sulfate precipitation.

Morrison (1954) modified

their procedure by using protecting agents and a heat-fractionation
step.

His results were a 75 - 80% purification as determined by

electrophoresis.

Fansler and Lowenstein (1969) reported on a

modification of Morrison’s procedure which involved an activation
step and gel filtration.

Eanes and Kun (1971) isolated two protein

fractions both of which had aconitase activity from pig-heart.
They designated these as the cytoplasmic and the highly unstable
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mltochodrial Isoenzymes.

The Isoenzymes were readily separated by

ion-exchange chromatography and electrofocuslng.

Villafranca and

Mildvan (1971) purified the enzyme from pig-heart using a modifica
tion of the method suggested by Morrison.

The authors used cation-

exchange chromatography, ammonium sulfate fractionation, and
Sephadex G-200 column chromatography.
a single band on disc electrophoresis.
protein was determined to be 89,000.

The purified enzyme yielded
The molecular weight of the
Electron Spin Resonance
-J_ I »

spectroscopy data showed that the enzyme contained lg Fe' '1 per
89,000g protein.

Kennedy et al. (1972) used a modification of

their procedure and isolated pig-heart aconitase which had a
molecular weight of 66,000 and contained 2g-atoms of iron and 3 moles
of sulfide per 66,000g.

Suzuki (1975) purified yeast aconitase

approximately 100-fold by ethanol precipitation, ammonium sulfate
precipitation, Sephadex G-100 gel filtration, CM-cellulose, and
DEAE-sephadex column chromotography. The enzyme was crystallized
and was homogeneous as determined by polyacrylamide gel electro
phoresis.

MATERIALS AND METHODS

Bacillus Taxonomy
The morphological and physiological characteristics of 20
species of Bacillus were determined.

The tests were carried out in

accordance to Standard Methods 1.1 - 24.1, which were supplied to our
laboratory by theSecretary of the International Committee on System
atic Bacteriology (ICSB), Bacillus Sub-Committee.

Seventeen of the

test organisms used were species of Bacillus which were also supplied
by the sub-committee secretary.

The organisms were from the Deutsche

Sammlung von Mikroorganismen (DSM).

At the time of the testing the

identities of the organisms were unknown.

A key with their identity

was later sent to our laboratory after the

tests were concluded and

the results were tabulated.

The code number, the species, and the

DSM number of each of the bacilli are given in Table 1.

We also

carried out identical tests on B. psychrophilus W16A and its mesophilic
mutant 5A-1 (Kim and Larkin, 1973).

All of the stock cultures of the

strains were incubated at temperatures near the organisms* optimum
temperature for growth.

The cultures were maintained on nutrient

agar (NA,Difco Laboratories, Detroit, Michigan) slants at 5°C with
transfers at two-week intervals.

B_. psychrophilus and the mesophilic

mutant were maintained on Trypticase Soy Agar (Baltimore Biological
Laboratories,

Cockeyville, Maryland) containing a final concentration

of 1% glucose (TSAG).

Inocula for the tests were prepared by growing
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Table 1.

The coded cultures which were used in the Bacillus
taxonomy study.

Code No.

Culture Name

DSM No.

1.01

B. brevis

30

1.02

B. cereus

31

1.03

B. cereus var. mycoides

1.04

B. circulans

11

1.05

B . coagulans

1

1.06

B. fastidious

91

1.07

B. laterosporus

25

1.08

B . lentus

1.09

B. maceranB

24

1.10

B. megaterlum

32

1.11

B. polymyxa

36

1.12

B. sphaericus

28

1.13

B. stearothermophilus

22

1.14

B. subtilis

10

1.15

B. thuringensis

1.16

B. alvei

29

1.17

B. licheniformis

13

1.18

B. pantothenticus

26

1.19

B. pumilis

27

299

9

350
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the cultures In broth unless otherwise Indicated by the Standard
Method; the 17 sub-committee strains in 50 ml of Nutrient broth (NB,
Dlfco Laboratories, Detroit, Michigan), and the psychrophile and its
mesophilic mutant were grown in 50 ml of Tripticase Soy Broth with a
final concentration of 1% glucose (TSBG).
Fifty—seven tests were run.

Cultures were inoculated either

from broth cultures or from slants depending upon the nature of the
test.

The tests were incubated at a temperature which was as near as

possible to the organisms optimal growth temperature.

The tests to

determine the growth range of the organisms were carried out at the
temperatures designated by the Standard Methods.

The length of

incubation time and the frequency of observing the results were stated
in the methods.
The tests were designated by the standard data code number
suggested by Rogosa, et al. (1971).

Table 2 lists the tests which

were carried out and their corresponding code nubmers.

A question

naire designed to employ computer analysis was used for the accumula
tion of the data.

The tests were sub-divided into categories and

stated in such a way that a "yes" or "no" answer would be sufficient
to provide the full information.

The number 1 was used for an

affirmative response to the test and a 0 was a negative response.

Growth of Cultures
jB. psychrophilus was grown in 125 ml Erlenmeyer flasks
containing 25 ml of TSBG.

The cultures were incubated, with shaking

TABLE 2.

List of the-tests described in the standard
methods and their corresponding code numbers

Code no.
03008
03009
04004
04005
04006
04007
04011
04012
04013
15001
15004
03017
03018
06001
06002
06004
06005
06006
06007
06008
06009
06013
06014
06020
12001
12002
12003
12004
12025
13001
24164
16060
16061
16062
16063
24191
98002
98003
98004
98005

Marne or description of test
Cells are rod-shaped
Rod axis is straight
Longest axis, 2.1 - 3.0 micrometers
Longest axis, 3.1 - 4.0 micrometers
Longest axis, 4.1 - 5.0 micrometers
Longest axis, 5.1 - 10.0 micrometers
Shortest axis, <0.5 micrometers
Shortest axis, 0.5 - 1.0 micrometers
Shortest axis, 1.1 - 2.0 micrometers
Cells occur singly
Cells occur in chains
Rods have rounded ends
Rods have square ends
Endospores produced
Endospores produced singly/cell
Endospores round
Endospores cylindrical
Endospores ellipsodial
Endospores central in sporamginum
Endospores terminal
Endospores sub-terminal
Endospores up to 0.9 micrometers
Sporangium swollen
Parasporal crystal
Cells stained by Gram method
Gram positive
Gram negative
Gram variable
Individual cells stained with safranin exhibit
different intensities, i.e., "ghost" formation
Cells motile
Hydrogen peroxide is decomposed
Obligate aerobe
Facultative aerobe
Microaerophilic
Obligate anaerobe
Voges-Proskauer test positive
Final pH below 4.5
Final pH 4.6 - 5.0
Final pH 5.1 - 5.5
Final pH 5.6 - 6.0
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TABLE 2.

Code no.
98006
98007
98008
98009
98010
17011
17012
17013
17014
17017
17018
17019
17020
17021
17022
34129
16290
18006
18007
18008
18004
16288
16289
25181
25239
25186
25244
25191
25249
25195
25253
25212
25270
25216
25274
25226
25284
26351
26453
26371
26473
25357

Continued

Name or description of test
Final pH 6,1 - 6.5
Final pH 6.6 - 7.0
Final pH 7.1 - 7.5
Final pH 7.6 - 8.0
Final pH above 8.0
Growth at 0°C
Growth at 10°C
Growth at 15°C
Growth at 25°C
Growth at 45°C
Growth at 50°C
Growth at 55°C
Growth at 60°C
Growth at 65°C
Growth at 70°C
Lecithlnase is produced
Growth in liquid media containing lOug/ml lysozyme
Growth in 5% NaCl
Growth in 7% NaCl
Growth in 10% NaCl
Growth in 15% NaCl
Growth in media with a pH of 5.7
Growth in media containing 0.02% sodium azide
Acid from L-arabinose
Gas from L-arabinose
Acid from D-xylose
Gas from D-xylose
Acid from L-ramnose
Gas from L-ramnose
Acid from D-glucose
Gas from D-glucose
Acid from lactose
Gas from lactose
Acid from trehalose
Gas from trehalose
o
Acid from starch
Gas from starch
Acid from glycerol
Gas from glycerol
Acid from D-mannitol
Gas from D-mannitol
Starch is hydrolyzed

TABLE 2.

Code no*
24209
34145
28013
28066
24138
24075
24114
29294
24007
29049
24180
24181
24182
24183
24184
16291
24009

Continued

Name or description of test
Hippurate is hydrolyzed
Crystalline dextrin is formed from starch
Propionate is utilized
Citrate is utilized
Nitrate is reduced
Dihydroxyacetone is formed from glycerol
Indole is formed from tryptophane
L-phenylalanine is deaminated
Casein is hydrolyzed
L-tyrosine is decomposed
Litmus milk-acid
Litmus milk-coagulated
Litmus milk-alkaline
Litmus milk-peptonized
Litmus mile-reduced
Mixture of meat extract and peptones supports
growth through five serial transfers
Gelatin hydrolyzed
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at 200 rpm, in a New Brunswick Model 626 incubator shaker (New
Brunswick Scientific Co., Inc., New Brunswick, New Jersey) until the
mid-exponential phase was reached (200 Klett units) (Klett, Summerson
photoelectric colorimeter, red filter #66).

At this time 0.02 ml

aliquots of the culture were transferred to 250 ml Erlenmeyer flasks
containing 50 ml of fresh TSBG.

These cultures, which served as the

inoculum in the following experiments, were incubated until the mid
exponential phase was reached.

Macromolecular Synthesis
The first series of incorporation studies were run in the
following manner.

From the raid-exponential phase inoculum, a 10 ml

aliquot was transferred to a flask containing 40 ml of fresh TSBG,
which had been pre-heated to 35°C.

This flask was incubated in a

Gyrotory water bath shaker (New Brunswick Scientific Co., Inc.) at
35°C with shaking at 200 rpm,

A 10 ml aliquot was immediately trans

ferred from this flask to another fla3k which was equipped with a
colorimeter tube side-arm to facilitate the determination of the
optical density.
to 35°C.

The flask contained 40 ml of fresh TSBG preheated

Labeled substrate had previously been added to the flask.

Thymidine-methyl

was used to follow DNA synthesis.

One one-

hundredth g of 2-deoxyadenosine was added to each flask to enhance the
uptake of thymidine (Boyce and Setlow, 1962).

In a separate experi-

ment using the same protocol, uridine 5-6JH uptake was used to deter
mine RNA synthesis.

Another identical experiment was carried out
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using the L-amino acids
tein synthesis.

of a Chlorella hydrolysate to follow pro

Table 3 shows the final concentrations of the radio

active substrates used in the study.

At various time intervals

between 0 and 20 hrs, 10 ml aliquots from the unlabeled culture at
35°C were transferred to similar side-arm flasks containing pre
heated media and labeled precursors.

The side-arm flasks were incu

bated at 35°C with shaking at 200 rpm.

In each side-arm flask the

incorporation of labeled substrate into cellular material was deter
mined by removing 2 ml samples at various time intervals over a 20 hr
incubation period.

The aliquots were added to equal volumes of cold

10% trichloroacetic (TCA). A sample removed from the test flask
immediately after the cells had been inoculated into the flask served
as the 0-time controls.
The second incorporation study was carried out as follows.
Ten ml aliquots from the mid-exponential phase inoculum were added to
five replicate flasks containing sterile TSBG which had been pre
heated to 35°C.

These flasks were also equipped with colorimeter tube

side-arms as in the previous experiment.

Sterile thymidine methyl-%

plus 2-deoxyadenoslne was immediately added to one of the flasks.
After the second flask had incubated at 35°C for 2.5 hr, labeled thymi
dine was added to it.

The labeled precursor was added to the third,

fourth, and fifth flask 5, 10 and 20 hr after incubation at 35°C.
Separate experiments using the identical protocol were carried out
using trldiated uridine to monitor SNA synthesis, and the mixture of
tritiated amino acids from Chorella to follow protein synthesis.

In
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TABLE 3.

Labeled substrates used in incorporation
experiments

Substrates

Concentration of
the commercial
preparation

Final concentration
juCi/ml

Chlorella hydrolysate1-amino acids H

0.25 mCi/0.25 ml

0,04

Uridine 5-6^H

0.25 mCi/0.5 ml

0.01

Thymidine-methyl^H

0.25 mCi/0.5 ml

0.03
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each experiment the incorporation of the labeled substrate was deter
mined by the removal of a 2 ml sample at various time intervals over a
20 hr incubation period.

The 2 ml samples were added to 2 ml of cold

TCA as previously mentioned.

Before the labeled substrates were

added to the test flasks 2 ml samples of the heated culture were
removed and mixed with cold TCA.
ground controls.

These samples served as the back

Immediately after the labeled substrates were added

to the flasks a 2 ml sample was removed and mixed with cold 10% TCA
in order to provide an 0-time control.
The 2 ml samples mixed with cold TCA in both incorporation
studies were treated in an identical manner.
TCA were allowed to sit for 45 min at 5°C.

The samples mixed with
The suspensions were next

filtered using a Millipore filter apparatus with 0.45

m pore size

filter pad (Schleicher and Schuell Inc., Germany) and washed 5 times
with cold 5% TCA.

The filter pads were placed in scintillation vials

and dried over night at 35°C.

Ten mis of scintillation cocktail, made

with 4.2% liquifluor (New England Nuclear, Boston, Massachusetts) in
toluene (v/v) were added to the vials containing the dried filter
pads.

The radioactivity incorporated into the cells impinged on the

filter pads was determined using a Beckman liquid scintillation
spectrometer (Beckman Instruments Inc., Fullerton, California).
In order to express the Incorporation results as counts per
minutes (CPM) per mg cells, a standard curve which related the dry
weight of cells of B, psychrophilus'to their optical densitites was
prepared.

Cells from mid-exponential phase cultures grown at 20°C in
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TSBG were inoculated into flasks containing fresh TSBG preheated to
35°C.

Varying amountB of cells were inoculated in order to give a

sufficient range of optical densities.

At various times after inocu

lation 5 ml aliquots were removed from the flasks and their optical
densities were determined.

The cells were centrifuged using a table

top International Clinical centrifuge (International Equipment Co.,
Needham, Mass.), washed 3 times with distilled water and placed in
pre-welghed

aluminum pans.

The pans were dried in an oven at 80°C

for 48 hr and then placed in a desiccator to cool.

The weights of the

samples were determined and a graph was constructed with the dry
weight of the cells on the abscissa and the optical density on the
ordinate (Fig. 1).
To determine the effect of the supramaximal temperature on
the viability of the psychrophile, flasks containing 270 ml of TSBG,
preheated at 32°C, 35°C and 40°C were inoculated with 80 ml of the
mid-exponential culture previously grown at 20°C.

The culture was

Incubated at the various temperatures in a water bath shaker (New
Brunswick Scientific Co. Inc.) at 200 rpm.

One ml samples were removed

at Intervals and a series of ten-fold dilutions were made in sterile
0.1% peptone water.

One-tenth ml aliquots of the dilutions were

spread over the surface of the TSAG plates using sterile glass rods.
The plates were incubated at 20°C for one week to allow time for cells
to recover from thermal damage, and the number of colonies which
appeared were determined using an automatic colony counter (New
Brunswick Scientific Co.).

Figure 1.

The relationship of turbidity

to the dry weight of B. psvchrophilus W16A at 35°C.
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Protoplast Formation
13. psychrophllua was grown in TSBG at 20°C with shaking at
200 rpm.

The cells were grown to the mid-exponential phase and then a

1/10 dilution of the cells was made using fresh TSBG. These suspen
sions were used as the inoculum for the following studies.
Test solutions of lysozyme, ethylenediamine tetraacetic
acid (EDTA), trypsin, and MgClg were made using various combinations
and concentrations of the reagents.

These solutions were prepared in

2X concentrations so that the addition of equal amounts of the cells
in broth would give the desired final concentration of the reagents.
All solutions contained an initial concentration of 1H sucrose which
was to serve as the osmotic stabilizing agent.

Three ml of the

diluted inoculum were introduced into equal volumes of the test
solutions.

The final dilution of the original mid-expoential phase

culture was 1/20.

This dilution facilitated the microscopic assay

for the presence of protoplast.

The solutions were assayed at time

intervals for up to two hr for the presence of protoplasts.

The

assays were carried out by direct observation either using a phase
contrast microscope (Gillett and Sibert, London, England) or by
removing a 1 ml aliquot from the test solution and adding 1 ml of 1%
aqueous methylene blue to it and observing under a light microscope.
Similar experiments were carried out using sodium lauryl
sulfate and trypsin in combination with other reagents to remove the
cell wall.

The cells were pre-treated with a lysozyme or lysozyrae-

EDTA soltuion as previously stated, for 15 min, and then 0.1 ml
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solutions of sodium lauryl sulfate were added.

Cells were also pre

treated in a lysozyme solution followed by the addition of trypsin.
Conversely, cells pre-treated with trypsin were later exposed to lyso
zyme.

The osmotic stabilizer in all of these experiments was sucrose.

The presence of protoplasts was assayed as previously stated.

Cells

exposed to the same concentration of lytic reagents but to varied
concentrations of sucrose were assayed by direct count using a
heraocytometer. Water blanks containing corresponding concentrations,
of sucrose served as the controls.
When the effects of lytic reagents on stabilizing agents on
cellular growth for an extended period of time were to be tested, the
following procedure was used.

Cells grown in TSBG to mid-exponential

phase were inoculated into side-arm flasks containing the test solu
tions.

These flasks were incubated either with shaking at 200 rpm or

in stationary culture.
ly stated.

Direct observation was carried out as previous

Direct counts were performed using a hemocytometer or a

Petroff-Hausser bacteria counter (C. A. Hausser and Son, Philadelphia,
Pennsylvania.

Heat labile substances (lysozyme and antibiotics) were

filter sterilized using a Millipore filter system with 0.45 am pore
size filter pads.

The various sugars, alcohols and slats used for

osmotic stabilization were dissolved in water in double strength
concentrations.

The pH of the solutions was adjusted to neutrality

before autoclaving.
sterilized.

Double strength TSBG was also prepared and

After the two components had cooled to room temperature

they were combined to equal proportions.

This procedure prevented
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caramelizat ion and salt precipitation in the medium.

Sterile heat-

inactivated horse serum (Grand Island Biological Co., Grand Island,
New York) was used in a concentration of 5 ml/L as suggested by
Wyrick and Rogers (1973).

When viable counts were made the cells

were plated on TSAG (soft agar) containing various stabilizers and/or
penicillin G.

Cells were diluted in 0.1% peptone water which con

tained an osmotic stabilizer.

Plates were incubated at 20°C.

Tests for antibiotic sensitivity were carried out in the
following manner.

TSAG (soft agar) containing 0.5 M sucrose were

inoculated with _B. psychrophilus from a mid-exponential broth culture
(TSBG).

A sterile antibiotic disc was placed in the center of each

of the plates. The plates were incubated for 5 days and inspected for
zones of inhibition.

A slab of agar containing a portion of the zone

of inhibition was removed from plates which contained the antibic'cics
that affect cell-wall synthesis.

A glass cover slip was placed on the

top of the agar block and was assayed for the presence of protoplasts
by phase microscopy.
The effective concentration range of penicillin G was
determined as follows.

Cells were grown as before in TSBG.

One ml of

broth culture was inoculated into replicate 250 flasks containing
melted TSAG, tempered to 45°C, plus various concentrations of
penicillin.

The flasks were swirled to disperse the culture and pour

plates were made.

The plates were allowed to solidify and were then

incubated at 20°C for up to ten days and observed for growth.
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The preparation of gradient plates was carried out in the
following manner.

Soft agar plates containing various nutrients and

stabilizers were prepared.

After the plates bad solidified, 1.5 ml

wide troughs were cut out of the agar with a sterile spatula.

The

side troughs wells were filled with an aqueous solution of sterile
pennicillin.

The plates were inoculated by cotton swabs, incubated

for various time periods, and observed with a dissection and a phase
microscope for evidence of protoplasts.
Cells were prepared for observation by electron microscopy
in the following manner.

The preparations were suspended in 10%

sucrose and stored at 4°C until fixed.

The cells were centrifuged in

a table top centrifuge for ten minutes and resuspended in a 10% su
crose solution containing 3% glutaraldehyde for 3 hr at 4°C.

The

cells were again centrifuged and resuspended in Sorenson's buffer
(10% sucrose) and held over night at 4<SC.
post fixation with OsO^ for 1.5 hr.
centrifuged and embedded in 3% agar.

This step was followed by

The fixed cells were then
The agar cubes were treated

with uranyl acetate in Kellenberger's buffer for 1.5 hr. The agar
cubes were then dehydrated using an alcohol series followed by 2
changes in propylene oxide.
embedded in Maraglas .

The blocks were finally infiltrated and

Thin sections were prepared and mounted on

copper grids.
To determine the thermal sensitivity of the protoplasts
the following experiments were carried out.

The protoplasts were

produced by adding equal amounts of a mid-exponential phase culture
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of cells grown In TSBG to a flask containing TSBG plus 800 Jig
lysozyme/ml and 1.0 M mannltol.
shaking at 20° C.

The flask was Incubated for 5 hr with

One tenth ml aliquots were transferred to the sur

face of solid agar plates and were spread with a sterile glass rod.
The plates contained the following solid media:

TSAG, containing 0.8%

agar, 0.5 M mannitol, and 0.75 units/ml of penicillin G; TSAG, con
taining 0.8% agar, 0.5 M glutamic acid, and 0.75 units/ml of penicillin
G.

For a control a mid-exponential phase culture of the vegetative

cells was inoculated in the same manner on plates containing TSAG
(0.8% agar) and plates of TSA containing either 0.5 M mannitol or
0.5 M glutamic acid.
between 24° - 37°C.

The plates were incubated at various temperatures
To prevent the plates from drying out at the

higher temperatures, the following procedure was carried out for each
set of plates.

The lid of a culture dish was filled with water and

an absorbent paper towel was folded and placed in the dish.

The test

plates and the dishes containing the moist paper were incubated inside
sealed plastic bags in order to provide a humid atmosphere.

The paper

towels in each bag were moistened dally by the addition of tap water.
The plates were assayed by observing the resulting colonies using a
dissecting microscopy and the small colonies were confirmed as L-form
colonies using a phase contrast microscope.
To determine the survival rate of the protoplasts at 35°C
the following experiment was carried out.

The protoplasts were pre

pared as before using TSBG containing lysozyme and mannitol.

After

5 hr of incubation at 20°C with shaking, 1 ml aliquots were transferred
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to two flasks containing 99 ml of an aqueous 0.5 M mannitol solution.
One of the solutions was pre-heated at 35°C and maintained at this
temperature for the duration of the experiment.
incubated at 20°C.

The other flask was

For comparative purposes 1 ml of a mid-exponential

phase culture of untreated cells of B. psychrophilus was inoculated in
to 99 ml of a 0.5 M mannitol solution at 35°C.

The cultures were

incubated as stationary cultures, and 1 ml samples were removed at
various time intervals, diluted in 0.5 M mannitol, and plated on TSAG
plates containing 0.5 M glutamate plus 0.75 units/ml penicillin G.

The

untreated rods at 35°C were plated on an identical medium with the
exception of penicillin.

Direct observations to determine the condi

tion of the heated protoplasts were also made.

The plates were incu

bated for 6 days at 25°C and then were flooded with 4% formalin and
stained using the procedure of Jackson (1967).
counted under a dissecting microscope.

The colonies were

The plates containing the

untreated rods at 35°C were counted using a New Brunswick automatic
colony counter.

Enzyme Studies
B. psychrophilus was grown in a batch culture in a fermenter
(New Brunswick Scientific Co., Inc.).

A one-liter inoculum of mid

exponential cells was added to 9 L of fresh TSBG.

The temperature of

the fermenter was maintained at 20°C by an external cooling system.
The culture was agitated at a drive setting of 1000 rpm and aerated.
Cells were harvested using a Sharpies continuous flow centrifuge.
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Cells were washed 3 times in either 15 mM Tris-HCl buffer or 0.05 M
sodium phosphate buffer, both at a pH of 6.9.
centrifuged and stored at -35°C until used.

The washed cells were
The frozen cells were

thawed out over night at 4°C and were resuspended in buffer.

The

cells were resuspended to a concentration which gave a reading of 400
Klett units using a 1/10 dilution of the suspension.

The cell sus

pension was passed one time through a Sorvall RM cell, fractionator
(Ivan Sorvall Inc., Newtown, Connecticut) using a cylinder pressure of
20,000 psi.

The French press was equipped with a gas port so that

cold nitrogen gas could be introduced into the Ribi valve to keep the
extract at a low temperature.

The nitrogen gas

was first passed

through copper coils which were submerged In a mixture of dry ice and
acetone.
To determine the growth phase of the cells which yielded
the optimum enzymatic activity the following procedure was carried
out.

_B. psychrophilus, the mesophilic mutant, and B. sphaericus

(ATCC 12300) were grown up in 100 ml of TSBG.

The cultures were incu

bated at 20°C for the psychrophile and 35°C for the mutant and the
mesophile.

The 100 ml pre-cultures were transferred into replicate

flasks containing 900 ml of TSBG and each organism was grown to
various turbidities.

The cells were centrifuged in a Sorval RG2B

Automatic Refrigerated Centrigue (Ivan Sorval Inc.) at 6,000 rpm at
4°C, disrupted in the French press, and the crude extracts were
assayed for enzymatic activity.
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The extract was centrifuged at 13,000 rpm for 30 min.

The

resuspended particulate and the soluble fractions were both tested for
enzymatic activity.

Nucleic acids were precipitated by the dropwise

addition of 0.8 ml of 1 M M11CI2/25 ml of the crude extract.

Solid

and/or a saturated solution of (NH^J^SO^ were used to fractionate the
enzyme.

Solid ammonium sulfate was added slowly to the cell extract

at 0° - 4°C for 2 hr before centrifugation at 13,000 rpm for 30 min at
4°C.

The saturated ammonium sulfate solution was added to the extract

dropwise under the same conditions as the solid.
The effects of metal ions and various substrate concentra
tions on the enzyme were determined as follows.

Concentrated stock

solutions of the metals were made and were added in 0.01 ml volumes
to 2.9 ml of the substrate-buffer solution.

The various concentra

tions of substrate were prepared by diluting a freshly prepared con
centrated solution with buffer to the desired concentration.
A hydrophobic column containing valine bound to Pharmacia
Sepharose 4B (Pharmacia Inc., Piscatawey, New Jersey) was prepared by
utilizing cyanogen bromide.

The column was washed with 5 volumes of

15 mM Tris-HCl buffer pH 6.9 and brought up to 45% saturation with
ammonium sulfate.

The buffer also contained 3.1 x 10“^ M MnC^.

The

extract containing aconitase activity was applied to the column and
washed with the ammonium sulfate buffer,

A decreasing ammonium sul

fate gradient (45% saturation - 0%) was then applied to the column.
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A sepharose G 200 column (82 cm x 1.1 cm) was also run with
15 mM Trls-HCl buffer pH 6.9 as the elution buffer.
The enzyme assay was carried out using sodium citrate or
cis-aconitate as the substrate.

In the assay procedure using citrate,

the assay solution contained 8.82 mg/ml of sodium citrate In 0.05 M
sodium phosphate buffer, pH 7.0.

The volume of the assay solution

was 2.9 ml and a 0.1 ml volume of the enzyme preparation was added to
begin the reaction (Anfinsen, 1955).

Activity was determined by

following the increase in absorption at 240 nm.

The assay procedure

utilizing cis-aconitate as the substrate was a modification of the
method of Pansier and Lowenstein (1969).

The assay solution contained

0.0180 mg/ml of cis-aconitic acid in 15 mM Tris-HCl buffer, pH 6.9.
The total volume of the assay solution was 2.9 ml and 0.1 ml of the
enzyme was added to start the reaction.

Activity was determined by

following the decrease in absorbance at 240 nm.

In both assay pro

cedures 2.0 ml of the substrate in buffer plus 0.1 ml of distilled
water served as the blank.

One unit of enzyme activity was defined

as a change in 1.000 unit/min.

The specific activity (S.A.) was

defined as the units of activity/ml/mg protein.

Protein determina

tions were carried out by the method of Lowry, et al. (1951).

RESULTS AND DISCUSSION

Bacillus Taxonomy
The study involving the taxonomy of the coded Bacillus
cultures was carried out for two purposes.

The organisms supplied to

us were to be used to evaluate the reproducibility of the standard
tests for the characterization of species of the genus Bacillus.
We also carried out the same series of tests on B. psychrophilus and
the mesophilic mutant 5A-1 in order to determine how the physical and
biochemical characteristics of these organisms compared with each
other as well as with the other strains of Bacillus.
ries participated in this study.
Dr. D. Claus,

Seven laborato

These laboratories were headed by:

Gottingen, Germany; Dr. V. B. D. Skerman, Queensland,

Australia; Dr. R. Gordon, Rutgers University, New Jersey; Dr. G. J.
Bonde, Aarhus, Denmark; Dr. H. deBarjac, Pasteur Institute, Paris,
France; Dr. W. G. Murrell, C.S.I.R.O., New South Wales, Australia;
and Dr. J. M. Larkin, Louisiana State University, Baton Rouge,
Louisiana.

Of the 19 organisms sent to our laboratory, we carried out

the series of tests on 17 of the cultures.

The organism designated

1.01, which was later indicated to us to be B. brevis, was assumed to
be non-viable after several attempted transfers on various kinds of
media failed.

The sample containing B. stearothermophilus (1.13) was

found to be a mixed culture and, therefore, this sample was deleted
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from the experiment by all of the laboratories involved in this
study.
Table 4 shows the results of the survey.

B. psychrophilus

and 5A-1 appeared to be identical except for their' growth temperature
ranges, as would be expected.

These organisms also appeared to be

very similar to B. lentus and to B. sphaericus as determined by the
number of common responses of these organisms to the various tests.
B. psychrophilus, 5A-1 and IJ. sphaericus exhibited no fermentative
ability on any of the sugars tested.

These organisms were also very

similar with regards to their morphological characteristics.

The

organisms did differ somewhat due to the ability of B. sphaericus to
utilize phenylalanine, to hydrolyze gelatin, and to reduce litmus.
_B, psychrophilus and the mutant gave negative results for these tests.
_B. lentus displayed a greater ability to ferment various carbohydrates
than did the psychrophlle or its mesophilic mutant.

This organism

produces acid but no gas from xylose, arabinose, glucose, lactose,
trehalose, and mannitol.

The greatest degree of similarity between

the psychrophlle and J5. lentus was found in the relative size and
physical characteristics of the two organisms.

Physiologically B.

lentus and B. psychrophilus were dissimilar.
A comparison of the data sheets from the seven laboratories
indicated that there was a great deal of variability in some of the
tests.

In general, a large percentage of the disagreement was in

relation to the observed physical characteristics of the organisms,
i.e., tests concerning the shape of spores and the lengths and widths
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of the vegetative cells.
better agreement.
disagreement.

Most of the physiological tests were in

However, in several of these tests there was

In the case of dihydroxyacetone production from glycer

ol, the Identification of a definite positive test was difficult due
to a wide range of intermediate reactions.

Problems in the interpre

tations of the results of the litmus milk reaction were also encounter
ed.

There was also a great deal of difficulty with the test concern

ing the ability of the bacilli to grow in the presence of lysozyme.
Possibly better control over the media preparation and the standardi
zation of the inoculum would improve the reproducibility of the tests.

Macromolecular Synthesis
Lesions in the synthesis of marcomolecules at supramaximal
temperatures were shown to be a primary lethal factor in two organisms
(Malcolm, 1968a, Nash, et al., 1969).

An investigation to determine

the possibility of thermal damage to macromolecular synthesis in B.
psychrophilus was carried out.

In order to compare the primary lethal

effects of heat on a particular cellular function, the cells must be
exposed to a temperature a few degrees above the maximum growth tem
perature.

At temperatures considerably higher than the organisms

maximum for growth the inability to carry out certain cellular
functions or the breakdown of cellular constituents may occur as a
result of death rather as the cause.
The supramaximal temperature which was used in the incor
poration study was determined from survival curves for B, psychrophilus
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at three different temperatures.

The cells were heated at 32°, 35°

and 40°C and the number of viable cells was plotted as a function of
the time of heating.

The cells remained viable for up to ten hr with

no appreciable decrease in numbers'when incubated at 32°C (Fig. 2).
These results have been confirmed by Joakim and Inniss (1976).
determined that an incubation temperature of
IJ. psychrophilus.

They

is sub-maximal for

In Fig. 3 it is shown that 99.9% of the population

has been killed at 40°C within 2 hr.

At this temperature, structural

changes in the cell wall and in the cytoplasmic membrane have been
reported to occur by Alsobrook and Larkin (1972).
temperature was too extreme for this study.

Therefore, this

As shown in Fig. 4, when

exponential phase cells are Introduced into the pre-heated media at
35°C cell division does not immediately cease.

The viable count

increases by about 25% within the first 2.5 hr and is followed by
death in the expected exponential rate.

About 75% of the cells from

the exponentially growing culture, when shifted to 35°C, are unable
to continue to multiply.

The 25% of the cells which did multiply

apparently did so only once.

We suggest that the percent of the cell

population which did multiply was committed to multiplication while
growing at 20°C and that after completing the one division cycle at
35°C were no longer able to carry out this function.

We, therefore,

selected 35°C as the temperature at which to conduct the incorpora
tion experiments.
Two sets of experiments were carried out in order to deter
mine the ability of _B. psychrophilus to carry out macromolecular

Figure 2.

The survival of IJ. psychrophiluB

W16A at 32°C.
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synthesis at 35°C.

In the first series of experiments the cells were

heated at 35°C and, at various times, inoculated into transferred 35°C
flasks containing fresh media plus labeled substrate.

The results

from this series of experiments are presented in Tables 5 - 7 .
5 shows that labeled thymidine incorporation was erratic.

Table

After inocu

lation into the pre-heated broth at 35° C the cells were capable of ac
tive incorporation for up to 9 hr of heating.

When the cells were

pre-heated for 10 hr before they were introduced into a flask contain
ing fresh TSBG plus labeled thymidine, incorporation was observed.

We

interpreted these results as a possible indication of some DNA synthe
sis although this would need confirmation.

The counts per minute (CPM)

obtained in this experiment were extremely low.
The cells were able to incorporate labeled uridine into RNA.
actively, as shown in Table 6.

Cells that were pre-heated for 5 hr

before being added to a new flask containing the labeled uracil showed
rapid and extensive incorporation.

There is appreciable incorporation

of the label even after pre-heating for 20 hr.
Table 7 shows that the amounts of incorporation of labeled
amino acids are high for cells which have been pre-heated for 5 hr.
Cells that were heated for up to 20 hr still incorporated some label.
In the second series of experiments, the cells were heated
at 35°C and at various time intervals labeled substrates were added.
The results from this series of incorporation experiments showed
that thymidine was actively Incorporated into cells which had been
pre-heated for up to 10 hr prior to the addition of the labeled
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TABLE 5.

Incorporation of labeled thymidine into DNA
by cells of B. Psychrophilus W16A at 35°C

Time of heating in
the presence of
labeled substrate
(hr)

Turbidity,
klett units

CPMa

CPMa/mg
cells

0

0
2.5
5.0
9.0
15.0
20.0

45
68
64
65
61
55

0
9.3
55.0
74.9
12.2
33.1

0
29.0
173.0
218.0
21.0
106.0

2.5

0
2.5
5.0
12.0
20.0

7
3
6
4
7

0
0
0
0
42.0

0
0
0
0
866

5.0

0
2
4
10
20

11
14
12
10
9

0
1.2
0
0
46.2

0
0
0
0
632

10.0

0
6
ii
15
20 ,

9
9
11
6
8

0
67.4
15.9
41.5
10.6

0
962
228
597
63

20.0

0
2.5
5.0
9.0
20.0

15
14
14
15
15

0
0
5.1
3.1
10.5

0
0
51
31
0

Time of pre-heating
before labeling

Background and 0 time corrected.
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TABLE 6.

Incorporation of labeled uridine into ENA
by cells of B. psychrophilus W16A at 35“C

Time of heating in
the presence of
labeled substrate
(hr)

Turbidity,
klett units

CPMa

CPMbraf
cells

0

0
2.5
5.0
10.0
20.0

54
88
84
91
80

0
4,999
5,260
3,193
1,401

0
12,500
12,487
7,787
3,786

2.5

0
2.5
5.0
10.0
20.0

13
10
12
12
16

0
2,431
2,881
3,116
2,154

0
30,387
32,044
34,626
19,581

5.0

0
2.5
5.0
10.0
20.0

14
17
24
23
21

0
2,797
3,297
3,407
2,057

0
23,308
22,550
24,335
15,823

10.0

0
2.5
5.0
10.0
20.0

17
16
16
16
15

0
952
1,465
1,418
601

0
8,745
13,318
12,890
5,463

20.0

0
2.5
5.0
10.0
20.0

21
21
19
19
19

0
267
256
144
104

0
1,878
2,133
1,203
867

Time of pre-heating
before labeling

background and 0 time corrected.
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TABLE 7.

Incorporation of labeled amino acids into protein
by cells of B^. psychrophilus W16A at 35°C

Time of heating in
the presence of
labeled substrate
(hr)

Turbidity*
klett units

CPMa

CPMa/mg
protein

0

0
2.5
5.0
8.0
20.0

53
90
85
91
82

0
519
749
773
616

0
963
1,497
1,432
1,283

2.5

0
2.5
5.0
10.0
20.0

9
11
12
16
13

0
187
380
366
340

0
2,080
4,221
3,049
3,398

5.0

0
2.5
5.0
10.0
20.0

18
22
25
25
25

0
222
335
444
456

O'
1,587
3,081
3,763
3,839

10.0

0
2.0
6.0
14.0
20.0

23
25
25
25
23

0
91.3
0
207
202

0
1,671
0
1,293
1,440

20.0

0
2.5
5.0
9.0

13
13
12
13

0
0
46
30

Time of pre-heating
before labeling

background and 0 time corrected.

0
0
458
298
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substrate (Fig. 5).

Fig. 6 shows that rapid and extensive RNA snythe-

sis occurred in cells which were pre-heated for 5 hr.

The amount of

incorporation fell off dramatically when the pre-heating time was
extended to 10 hr.

The incorporation of labeled uridine was negligible

in.cells pre-heated for 20 hr.
The incorporation of labeled amino acids is shown in Fig. 7.
In cells preheated for up to 10 hr there was active protein synthe
sis.

This data corresponds well with the labeled amino acid incor

poration data obtained from the first series of experiments.
In order to determine the rates of incorporation of the
various macromolecules at 35°C the data from the initial portions of
the incorporation curves shown in Fig. 5, 6, and 7 were used.
shows the rate of thymidine incorporation at 35°C,

Fig. 8

After the exponen

tially growing cells were introduced into the medium at 35°C there was
an initial decrease in the rate of DNA synthesis.

This was followed

by an increase in the rate of incorporation, and this rate reached a
maximum after 5 hr of pre-heating.

It remained relatively high in

cells that had been heated for 10 hr before the addition of the labeled
substrate.

The rate of RNA synthesis, shown in Fig. 9, was maximal in

cells heated for 5 hr before the addition of labeled substrate.

After

about 7.5 hr of heating the rate dropped, but was still at a level
equivalent to the zero-time rate.

Fig. 10 shows similar data for the

rate of protein synthesis from labeled amino acids.

After 10 hr of

heating the cells still possessed the ability to synthesize protein
at the same rate that they did at 0 time.

Figure 5.

The incorporation of thymidine-

methyl^H by B. psychrophilus W16A at 35°C.

0

—

Q-

{""I-..

0

cells heated 1 hr before the addition of
labeled substrate

£

cells heated 2.5 hr before the addition of
labeled substrate

^

cells heated 5.0 hr before the addition of
labeled substrate

i i.-Q cells heated 10.0 hr before the addition
of labeled substrate
PH cells heated 20.0 hr before the addition
of labeled substrate
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Figure 6.

The incorporation of uridine

5 - 6 % into RNA by B. psychrophilus W16A at 35°C.

cells heated 1 hr before the addition of
labeled substrate
cells heated 2.5 hr before the addition of
labeled substrate

A— A

cells heated 5.0 hr before the addition of
labeled substrate

o —

o

cells heated 10.0 hr before the addition
of labeled substrate

□ —

□

cells heated 20.0 hr before the addition
of labeled substrate
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Figure 7.

The incorporation of L-amino

acids% into protein by

0

0

psychrophilus W16A at 35°C

cells heated 0 hr before the addition of
labeled substrate
cells heated 2.5 hr before the addition of
labeled substrate
cells heated 5.0 hr before the addition of
labeled substrate

Q

Q

□ ---- □

cells heated 10.0 hr before the addition
of labeled substrate
cells heated 20.0 hr before the addition
of labeled substrate

85

20

30

40

TIME (hr)

00
O'

Figure 8.

The rate of incorporation of

thymidlne-methyl^H by _B. psychrophilus W16A at 35°C.

20 min

exposure to labeled substrate

40 min

exposure to labeled substrate

60 min

exposure to labeled substrate
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Figure 9.

The rate of incorporation of

uridine 5-6-^H by JB. paychrophilus W16A at 35°C.

20 min exposure to labeled substrate
40 min exposure to labeled substrate
60 min exposure to labeled substrate

89

90

10

'

CPM/mg CELLS

10

10

10

15
20
T IM E (hr)

25

Figure 10.

The rate of incorporation of

L-amino acids^H into protein by B. psychrophilus
W16A at 35°C.
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Fig. 11, shows the death curve at 35°C (Fig. 4) superimposed
over a representative of each of the rate curves from Fig. 8 - 1 0 .

As

can be seen from the viable counts about 75% of the culture was in
capable of multiplication at 35°C.

The rates of synthesis of all three

of the macromolecules were maximal after the cultures were heated for
5 hr and the rates remained relatively high even after 9 - 10 hr of
heating.

The viable count, however, began to drop after about 2 - 3

hr, and the culture was undergoing exponential death during a period
when the rate of macromolecular synthesis was high.

Therefore, the

inability of the cells to multiply at this supramaximal temperature
cannot be attributed to an inability of the cells to synthesize macromolecules.

This suggests that the rapid decline in the rates of

macromolecular synthesis after heating for an extended period of time
are probably the result of the cell's loss of viability rather than
the cause of this loss.

The total amount of incorporation shown in

Fig. 5, 6 and 7 was less for cells heated for 10 hr than in the 0
time cells, but the rates of synthesis were nearly identical.
are two possible explanations for this.

There

One, the non-viable cells

were no longer able to synthesize the various macromolecules, thus
lowering the total amount of incorporation.

However, the rates of

incorporation at these two times of heating were nearly identical and
this would mean that the remaining viable cells were synthesizing
macromolecules at a rate approximately twice as fast after 10 hr of
heating than they were at 0 hr.

The other possibility is that the

loss of viability occurs before the cells loose the ability to

Figure 11.

The viability of B. psychrophilus

W16A at 35°C compared to the rate of DNA, RRA and protein
synthesis
rate of DNA synthesis
rate of ENA synthesis
0
0 _—

0 rate of protein synthesis
_ Q viability of cells

94

95

10

'

10

10

10
20
TIME (hr)

VIABLE COUNT

10
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synthesize macromolecules. The cells which are viable, as well as
the cellular machinery responsible for the macromolecular synthesis in
the non-viable cells were still capable of macromolecular synthesis
at a near-normal rate.

This is the more likely possibility and it

was concluded that macromolecular synthesis does occur at a high rate
for a sufficient length of time at this high temperature so that
neither the inability to multiply nor the death of the culture can be
attributed to any lesion in gross macromolecular synthesis.
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Product of a Wall-less Varient
Protoplasts and L-forms have never been produced from B.
psychrophilus, so it was decided to use the techniques which had been
successful with other species of Bacillus. These included the use of
lysozyme to remove the intact cell wall in an osmotically stabilized
solution, and the use of penicillin to prevent cell wall synthesis in
an osmotically stabilized solution.

The use of lysozyme plus EDTA
The cell wall of IS. psychrophilus has been shown to be dis
integrated by the action of heat above the organisms maximal growth
temperature.

It has been suggested that the destruction of the cell

wall is the heat sensitive lesion in this organism (Mattingly and
Best, 1971*

and Alsobrook and Larkin, 1972).

As an approach to the

study of the involvement of the cell wall in thermal sensitivity, a
wall-less varient (L-form) would serve as an ideal model.

The first

step in obtaining an L-form is the gentle removal of the cell wall in
an environment which would protect the fragile protoplast from osmotic
disruption.

The most commonly used osmotic stabilizer, 0.5 M

sucrose, was employed in conjunction with various lytic reagents in
preliminary studies.

Table 8 shows the final concentrations of

lysozyme, EDTA, and M g C ^ which were used in the presence of 0.5 M
sucrose in order to try to produce and to stabilize protoplasts.
Solutions containing up to 400

g/ml of lysozyme as well as in some

cases 0.001 M EDTA and/or 20 mM MgCl2 did not cause the conversion of
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Table 8.

Solution
number

Effect of test solutions3 on protoplast formation

Lysozyme
(jug/ml)

EDTA

MgCl2

Presence of
protoplasts

-

0

-

0

1

100

-

2

100

0.00IM

3

200

-

4

200

5

400

6

400

7

200

-

20mM

0

8

400

-

20mM

0

9

200

0.001M

20mM

0

10

400

0.001M

20mM

0

0.001M
-

0
-

0

-

0
0

0.001M

aThe values stated represent the final concentration of the
reagents in the test solution.
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the rods Into protoplasts after treatment with these reagents for up
to 2 hr.
Because the psychrophile is believed to have a proteinaceous
layer surrounding the peptidoglycan layer the effects of trypsin by
itself or in combination with lysozyme on the cell wall were deter
mined.

Table 9 shows that the various combinations

did not produce any protoplasts.

of lytic reagents

When the cells were Incubated with

trypsin for 15 min and subsequently exposed to lysozyme no protoplasts
were produced.

The same results were obtained when the cells were

first incubated with lysozyme for 15 rain followed by the addition of
trypsin.
In order to determine if lysozyme was having any effect on
the ce^.1 wall of this organism sodium lauryl sulfate was subsequently
added to the test solution containing lysozyme, EDTA and sucrose.
Direct counts showed a 38% drop in the cell population after a 15 min
exposure to the test solution.

The addition of the sodium lauryl

sulfate converted most of the remaining cell population into proto
plasts.

Similar results were obtained when a final concentration of

0.03% as well as 0.003% sodium lauryl sufate was used.

If the cells

were not pre-treated with lysozyme before the addition of sodium
lauryl sulfate no protoplasts were observed.

Therefore, the lysozyme

was affecting the murine layer of the psychrophile to some degree, but
was not in itself altering the cell wall enough to result in proto
plast formation.
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Table 9.

Solution
numbera

The effect of trypsin on protoplast formation

Lysozyme
Cug/ral)

EDTA

Trypsin
(mg/ml)

Presence of
protoplasts

1

-

-

1.0

0

2

-

0.001M

1.0

0

3

-

-

0.5

0

4

-

0.001M

0.5

0

5*

1.0

0.001M

0.5

0

6C

1.0

0.001M

0.5

0

aAll solutions contained a final concentration of 0.5M
sucrose in addition to the final concentration of reagents shown here.
^Cells were allowed to incubate in the presence of lysozyme
and EDTA 15 minutes before the addition of trypsin.
cCells were allowed to incubate in the presence of EDTA and
trypsin 15 minutes before the addition of lysozyme.
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To obtain a better understanding of the effect of a lysozyme
containing solution on the total cell population a quantitative study
was carried out.

Direct counts of rods and protoplasts were made at

various time intervals after the cells were exposed to lysozyme and
EDTA in the presence of 0.5 M sucrose.

Table 10 shows that after

15 min of incubation there was about a 63% decrease in the number of
rods observed in the test solution.
count had dropped by 84%.
time.

After a 2 hr period the direct

No protoplasts were observed at either

The control remained relatively stable throughout the experiment.

It was concluded that the reagents did disrupt the cell wall, but that
the protoplasts lysed as soon as they were produced.

This indicated

that the standard stabilizing solution, 0.5 M sucrose, did not provide
adequate protection for the protoplasts.

To examine this possibility,

several different concentrations of sucrose were tested in conjunction
with lysozyme and EDTA.

It can be seen from the results in Table 11

that the direct counts dropped about 50% in each of the test solutions
after incubation for one hour.

No protoplasts were obtained and this

indicated that sucrose was not a satisfactory stabilizing agent.
Because of the inability of sucrose to provide stability
other compounds were tested and the results obtained from these
studies will be presented later.

The Use of Penicillin Gradient Plates
Another standard procedure for the production of L-forms,
antibiotic gradient plates, was attempted during this time.

First,
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Table 10.

The effect of 200 xig/ntl of lysozyme + 0.001M
EDTA on the cell population of _B. psychrophilus
W16A in 0.5M sucrose

Time

. Controls3

Direct count 3 107
Rods
Protoplasts

0

24

24.5

0

15

23

9.0

0

30

22

5.0

0

60

12.4

7.4

0

4.5

0

4.0

0

90
120

-

24.0

^ h e controls consisted of TSBG plus a final concentration
of 0.5M sucrose.

t
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Table 11.

The effect of various concentrations of sucrose
on cells of IJ. psychrophilus W16A in the presence
of lysozyme + EDTA3

Sucrose
concentration

0 min

Direct count X 101
30 min
15 min
45 min

60 min

0.3M
■ control
rods
protoplasts

25.0
23.0
0

43.0
22.5
0

33.5
22.5
0

53.4
8.5
0

21.4
11.0
0

0.5M
control
rods
protoplasts

21.0
21.4
0

21.0
8.5
0

17.0
6.5
0

25.0
7.5
0

19.5
9.0
0

0.75M
control
rods
protoplasts

21.0
13.4
0

17.5
9.5
0

21.5
8.5
0

24.5
5.0
0

17.0
7.5
0

1.0M
control
rods
protoplasts

17.5
14.0
0

14.5
13.0
0

14.0
9.0
0

14.9
4.0
0

11.4
5.0
0

^The concentrations were 200 jug/ml of lysozyme and 0.001 M
EDTA.
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the sensitivity of B. psychrophilus to various cell wall Inhibitory
antibiotics was assayed using antibiotic sensitivity discs.

Other

antibiotics not associated with cell wall synthesis were tested at
this time to characterize the sensitivity of the psychrophile to them.
Table 12 shows that B. psychrophilus was sensitive to the cell wall
inhibitors penicillin G, carbenicillin, amphlcillin, and cephalothin.
The psychrophile was also sensitive to moBt of the other antibiotics
tested.

Blocks of agar were cut from the area containing the zones of

Inhibition and observed microscopically.
protoplasts were observed.

Elongaged curved rods, and

Penicillin G was selected for further

studies because of its effectiveness on the inhibition of growth of
the psychrophile as well as the observed production of distorted
rods and protoplasts.
TSBG gradient plates were made using a solution of penicllUn
G in the trough.

A mid-exponential phase culture was inoculated onto

the plates and various concentrations of penicillin G solutions were
added to the troughs of different plates to determine the concentra
tion of antibiotic which would establish a useful gradient.

Table 13

shows the various concentrations of penicillin used and gives an idea
of their relative usefulness.

A solution containing 5 jug/ml gave a

zone of inhibition which measured about 1 cm from the edge of the
trough to the area of confluent growth of the culture.

These plates

were observed for the presence of the "fried egg" type colonies which
are typical for the L-forms of bacteria, or for the typical colonies
which show no growth into the agar but an overall lace-like appearance
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Table 12.

The effect of antibiotics on the growth of B.
psychrophilus W16A.

Antibiotic disc
and concentration

Appearance of zone
of inhibition

Ampicillin (10 meg)
Aueromycin (30 meg)
Cephalothln (30 meg)
Collstin (10 meg)
Carbenicillin (50 meg)
Erythromycin (15 meg)
Furadantin (300 meg)
Gentamycin (10 meg)
Kanamycln (30 meg)
Neomycin (30 meg)
Penicillin G (10 units)
Polymyxin B (300 units)
Sulfamethoxazol - trimethoprim
(23-75 meg)
Sulfathizole (1.0 mg)
Sulfathizole (300 meg)
Tetracycline (30 meg)
Tetramycin (30 meg)
Triple sulfa (1.0 mg)

+
+
+
+
+
+
+
+
+
+
+
"

-

+
+
i
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Table 13.

The effect of penicillin G on the growth of
.B. Psychrophilus W16A in a gradient plate

Penicillin concentration
^g/ml

Gradient3

5,000

-H-++

1,000

++++

100

++++

5.0

+++

2.5

++

0.5

-H-

0.1

+

^ h e results are scored from + to 11 11 indicating small or
negligible zone of inhibition to complete inhibition respectively.
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(Madoff, 1971).

The colonies at the periphery of the zone of Inhibi

tion, when observed under a dissecting microscope, appeared smaller
than those in the area of confluent growth.

The former did not have

the typical appearance one would expect from an L-form colony.

Micro

scopically, as shown in Fig. 12, curved rods and what appeared to be
protoplasts were present.

No colonies exclusively comprised of proto

plasts were observed and there was no definite indications that the
protoplasts possessed the ability to divide, although this was hinted
at by an occasional grouping of between 5 and 10 protoplasts seen in
close association.

The presence or absence of 0.5% sterile heat-

inactivated horse serum in this medium had no influence on the
production of the protoplasts.

Several other media containing a

penicillin gradient were used to see if a L-form colony could be ob
tained, because it has been reported that complex media may contain
substances which are inhibitory to the formation of L-forms
(Kleineberger, 1960).

Thus, the defined medium of Adams and Stokes

(1968) was used as well as a modification of this medium in which the
individual amino acids were substituted for by the addition of
casamino acids.

Moreover, a medium containing 1% casamino acids, 0.5%

K2HPO4 , 0.1% (NH^)2S02» 0.05% MgSO^*7H20, and 0.1% yeast extract was
used.

All of the media contained a final concentration of 0.5 M

sucrose which served as a stabilizer, 0.8% agar, and 0.5% horse serum.
The results of these gradient plates were identical to those obtained
from the TSBG gradient plates.

The utilization of the defined media

did not enhance L-form development.

Figure 12.

A, a phase micrograph of protoplasts

of B. psychrophilus W16A on a penicillin G gradient plate,
X 3,000 magnification.
B, a phase micrograph showing
protoplast-like cells and rods, 3,600 X magnification.
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In order to visualize the finer details of the protoplasts
which were formed on the gradient plates, thin sections were prepared
for transmission electron microscopy.

Fig. 13 demonstrates the

unusual nature of the cell wall of the psychrophile, previously
described, and characterized by Farzadegan and Roth (1972), Mattingly
and Best (1971, 1972), and Alsobrook and Larkin (1972).

There are

five electron dense layers evident in the cell wall with what appears
to be four additional layers consisting of cross linkages.
layer is believed to be the peptldoglycan layer.

The inner

Fig. 14 shows the

damaged cell wall of the Bacillus with the protoplast emerging.

The

protoplast extruded out of the end of the cell as would be expected
from the action of penicillin.

Fig. 15 shows a cell which retained

about 1/3 of the cell wall and in Fig. 16 only a very small amount of
cell wall material adheres to the protoplast.
brane appears intact.

The cytoplasmic mem

From this data we conclude that we were able

to produce stable protoplasts by the action of penicillin in 0.5 M
sucrose, but they were presumably unable to reproduce and, therefore,
were not utilizable for our purpose.
Because no L-forms were produced with the gradient plate
method and in view of our results on the instability in various con
centrations of sucrose (Table 11) of cells in the presence of lytic re
agents such as lysozyme, trypsin and SDS, we turned our attention to
the investigation of the usefulness of other stabilizing agents.
First we determined the ability of the organism to grow in the pres
ence of other potential stabilizing agents.

These results are

Figure 13.

The structure of the cell wall of

IJ. psychrophilus W16A, 180,000 X magnification.
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Figure 14.

A protoplast of B. pBychroptiilus

W16A emerging from its disrupted cell wall, 63,000 X
magnification.
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Figure 15.

The cell of B. psychrophilus W16A

with renmants of the cell wall adhering to about 1/3
of the cell surface, 46,000 X magnification.
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Figure 16.

A protoplast of B. psychrophilus

W16A obtained from a penicillin G gradient plate,
46,000 X magnification.
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presented in Table 14.

In the presence of 0.5 M sucrose after 29 hr

of incubation the culture only Increased in turbidity by 18 Klett
units.

The increase in the turbidity of the control was almost 5

times as great.

Thus, sucrose appeared to have a substantial inhibi

tory effect on the growth of B. psychrophilus, and this inhibitory ef
fect may account for the inability to obtain L-form from the gradient
plate procedure.

MgSO^ appeared to stimulate growth and the various

other salts showed comparatively little inhibition.

In the presence

of mannitol, the Bacillus grew to a turbidity of about 50% of that of
the control.
The best stabilizers from Table 14 were used singly and in
various combinations along with lysozyme in an attempt to produce sta
ble protoplasts as shown in Table 15.

The cultures were incubated

without shaking for 26 hr at which time turbidity was determined and
direct counts of rods and protoplasts were made.

The cultures were

then shaken for an additional 14 hr and the turbidities redetermined.
Of the solutions tested, those containing 0.5 M mannitol and 0.5 M
sorbitol as the stabilizing agents yielded the highest percentages of
protoplasts.

The turbidity only dropped by 6 Klett units after incu

bation for 26 hr in the stationary culture stabilized by mannitol.
Upon shaking for an additional 14 hr, the turbidity again only fell
slightly.

It appeared from these results that in the presence of

mannitol a good yield of protoplasts could be obtained and they were
relatively stable.

Protoplast production was similar in the solution

containing 0.5 M sorbitol but a greater drop in turbidity as compared
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Table 14.

The effects of various stabilizing agents
on the growth of B. psychrophilus W16Aa

Stabilizer

Increase in klett
units within
29 hr

TSBG (control)

74

Mannitol

34

Sorbitol

35

Maltose

21

Sucrose

18

Lactose

16

Xylose

36

Fructose

33

Sorbose

1

NaCl

69

KC1

61

MgSO

81

4
Sodium Succinate

53

^ h e final concentration of the sugars was 0.5 M and the
final concentration of the salts was 0.25 M.
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Table 15.

Production of protoplasts by lysozyme in the
presence of various stabilizers

Stabilizer3

%Protoplasts

30
-22
18
15

48
-26
30
26

190
-26
199
147

0
0
0
5

12

25

137

5

11

17

118

10

12

15

99

10

0
-11

0
-21

3
-20

5
0

-20

-25

—

0

-11

-22

“

5

3
-17

0
-21

9
-20

5
0

-15

-19

—

0

0
-16

-6
-17

-4
-15

80
10

-6

rH
I

TSBG (control)
TSBG + Lysozyme
MgS04
MgS04
NaCl
MgS04
Sodium Succinate
MgS04
Mannitol
MgS04
Sorbitol
NaCl
NaCl
Sodium Succinate
NaCl
Mannitol
NaCl
Sorbitol
Sodium Succinate
Sodium Succinate
Mannitol
Sodium Succinate
Sorbitol
Mannitol
Mannitol
Sorbitol
Sorbitol

Change in Klett Units
12 hr
26 hr
Shaking

-18

80

aThe stabilizers were in a final concentration which was
equivalent to the ionic strength provided by 0.5 M sucrose.
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to that of the mannitol solution indicated that the protoplasts, once
foinned, were not stable.
The protoplasts produced by treatment with lysozyme plus 0.5
M Mannitol in broth were examined by electron microscopy.
a protoplast being liberated from the cell wall.

Fig. 17 shows

The portion of the

cell wall which appears to be damaged by the lysozyme is the inner lay
er which is probably the peptidoglycan layer. The outer and middle layers
of the cell wall appeared to be those which were retained on the surface
of the protoplast. A large percentage of the protoplasts in this prep
aration appeared to still retain some of the cell wall.

In order to

obtain a viable protoplast and to supply the conditions necessary for
its division, the sensitivity of the vegetative organism to penicillin
was quantitated.

This was done so that the minimum dose which would in

hibit the division of the rod could be incorporated into a medium de
signed to stabilize and support the growth of the wall-less varient.
Pour plates, seeded with _B. psychrophilus and containing various concen
trations of penicillin, were used.

Table 16 shows that a concentration

of 0.75 units of penicillin G will prevent the growth of the vegetative
cell after Incubation for 10 days but that 0.15 units was not inhibitory.
Protoplasts were again prepared by the treatment with lyso
zyme in the presence of 0.5 M mannitol.

After 6 hr with shaking, 0.1 ml

aliquots were transferred to plates containing 0.5 M mannitol and
0.75 units/ml of penicillin G.

After 5 days of incubation, colonies

which were barely visible to the naked eye were observed.

Blocks of

agar were removed from the plates and were observed microscopically.
Fig. 18 shows the appearance of the colonies on this media.

These

Figure 17.

Protoplast of _B, psychrophilus

W16A emerging from the cell wall after treatment with
lysozyme in the presence of 0.5 M mannitol, X 54,000
magnification.
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Table 16.

Sensitivity to B. psychrophilus W16A to
penicillin G

//g/ml

Penicillin G
units/ml

5

75

1

15

2

Growth Days
3
4

_a

-

-

-

-

-

-

-

10

0.5

7.5

-

-

-

-

0.1

1.5

-

-

-

-

0.05

0.75

-

-

-

-

0.01

0.15

+

+

+

+

aSymbols:

+, presence of visible colonies;

no growth.

Figure 18.

Colonies of B. psychrophilus W16A

grown on soft TSBG+0.75 units/ml of penicillin G+0.5 M
mannitol.

The cells were pretreated with lysozyme in

mannitol for 6 hr before plating.

The colonies consisted

entirely of protoplasts, 500 X Magnification.
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small colonies had the Mlace like" outer edges which are characteristic
of L-form colonies.

The center of the colonies were not as dense as

those considered to be typical L-form colonies but more closely
resembled the atypical colonies described by Madoff (1971).

When

observed under 1000X magnification the colonies appeared to be
completely comprised of protoplastB.

To determine if the cells in

these colonies were wall-less, the plates were washed with 0.5 M
mannitol and the cells obtained were prepared as thin sections for
electron microscopy.

Fig. 19 shows that the cell wall has been com

pletely removed from these organisms.

The protoplasts are also con

siderably larger than the ones obtained from the lysozyme-mannitol
preparation in broth.

We therefore concluded that the protoplasts

produced from the lysozyme-mannitol treatment are capable of developing
into small colonies (L-forms) on agar which contains mannitol as an
osmotic stabilizer and penicillin as a cell wall synthesis inhibitor.
The usual concentration of agar used for the cultivation of
L-forms is 0.8% and this was used in all of the experiments described
previously.

However, the colonies on the TSAG plates containing 0.5 M

mannitol were extremely small and therefore different agar concentra
tions as well as several other stabilizers in conjunction with penicil
lin were tested to see if larger colonies could be obtained.

TSAG

plates containing 0.5%, 0.7%, 0.8%, 1.0% and 1.5% agar were inoculated
with a protoplast suspension produced by lysozyme in mannitol.

The

colonies on the 0.5% - 0.8% agar plates were all about the same size,
whereas the colonies on the higher concentrations of agar were

Figure 19.

The L-form of Bi. psychrophilus

W16A produced on. penicillin-mannitol agar after a
lysozyme pre-treatment.

No cell wall Is visible,

28,000 X magnification.
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extremely small and were comprised of protoplasts which were distorted
in appearance.

The 0.8% concentration was deemed best and was used

throughout the rest of the study.
Table 17 lists the concentrations of the stabilizers which
were tested in order to produce a larger colony.

The colonies on the

plates containing 0.5 M glutamic acid were about twice the size of
the colonies on the mannitol plates.

When these colonies were observed

under phase microscopy, they were exclusively comprised of protoplasts.
The protoplasts induced by lysozyme, stabilized by 0.5 M
mannitol and then cultivated as L-forms on TSAG containing either 0.5
M mannitol or 0.5 M glutamate plus penicillin were to serve as our
model system in order to determine the role of the cell wall in the
heat sensitivity of 3. psychrophilus.

If the parent organism shows

the same or greater sensitivity to heat than the L-form to a temperature
a few degrees above the psychrophile's maximum growth temperature, then
the heat mediated breakage of the cell wall as shown by Alsobrook and
Larkin (1972) would be a factor which determines the organisms maximal
growth temperature.

If, on the other hand, the rods are less sensitive

than the L-form to the supramaximal temperature, then thermal damage
to some other cellular structure or function is responsible for cell
death.

The abilities of the parent and the L-form to grow at various

temperatures are shown in Table 18.

It can be seen that the untreated

rods are able to form colonies up to 32°C.
observed at 34°C.

Very small colonies were

Elongation of cells, as reported by Joakln and Inniss

(1976), was observed in the colonies grown at 28°C.

The L-forms were
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Table 17.

The comparative effect of different stabilizers
on the colony size of the L-form produced from
B. psychrophilus W16A

Stabilizer and
concentration

Mannitol (0.5M)
Glucose (0.5M)
Sucrose (0.5M)
Galactose (0.5M)
Glutamate (0.25M)
Glutamate (0.50M)
Glutamate (0.75M)
Sodium citrate (0.25M)
Sodium citrate (0.50M)
Sodium citrate (0.75M)
Mannose (0.3M)
Mannose (0.5M)
Mannose (0.75M)
Sorbose (0.3M)
Sorbose (0.5M)
Sorbose (0.75M)

Colony
appearance

-H-

+
-

+++
+
-

aSymbols:
no growth; +, colonies smaller than on
mannitol; ++, colonies the same size as on mannitol; +++, colonies
are larger than on mannitol.
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Table 18.

The growth of B. psychrophilus and its L-form
at a variety of incubation temperatures

Media

24

Rod

Incubation Temperature (°C)
28
29
32
34

37

■iiie
iiii

++++

■H 1

++

+

0

0.5 M mannitol

+++

+++

1|j

++

+

0

0.5 M glutamate

+++

+++

+++

++

+

0

+

+

0

0

0

0

+

+

0

0

0

0

TSAG

L-form
0.5 M mannitol
0.5 M glutamate

Symbols:

+, presence of visible colonies; -, no growth.
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unable to grow at temperatures above 28°C.

Fig. 20 compares the

survival kinetics of the rods at 35°C to those of the protoplasts at
this supramaximal temperature and at 20°C.

About 20% of the rods are

non-viable after 7 hr of heating at 35°C, whereas more than 99% of the
protoplasts are unable to reproduce and form colonies after just 3 hr at
35°C.

Protoplasts incubated at 20° C retained their initial viability

for at least 5 hr.

These results indicate that the protoplast is

considerably more heat sensitive than is the untreated rod at a
temperature of 35°C.

After 7 hr of heating at 35°C, 99.9% of the

protoplasts are unable to form colonies as compared to the 20% loss in
viability of the rods.

The protoplasts remain stable for up to 5 hr

in 0.5 M mannitol at 20°C, therefore, the suspending medium is not
responsible for the rapid decrease in colony

forming units at 35°C.

It is concluded from these results that the temperature mediated re
moval of the cell wall was not responsible for the death of the organ
ism at 35°C.

Moreover, the cell wall may actually provide an

"insulation effect" and protect the protoplasm and its contents from
thermal damage.

Figure 20.

The effect of heating at 35°C on

the survival of B. psychrophilus W16A and its L-form.

untreated rods at 35°C
L-forms produced from protoplasts at 20°C
L-forms produced from protoplasts at 35°C
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Studies on Aconltase
To determine whether the enzyme activity was associated with
the particulate or the soluble fraction, the crude extract was
centrifuged and the specific activity of the resuspended precipitate
and of the supranatant were determined.

The specific activity of the

supranatant fraction was found to be 0.01, and there was no activity
associated with the resuspended precipitate.
enzymatic activity is shown in Fig. 21.

The effect of pH on

The enzyme was most active

when the assay solution was at a pH of 6,0.

At pH's which were

below 4.3 or above 7.5 the enzyme was considerably less active.
Fig. 22 shows that the three organisms appear to have the
most aconltase activity when harvested at about the middle of the
exponential phase.
decreased.

At the higher turbidities the recoverable activity

This decline in enzymatic activity at the higher cell

densities corresponds well with the onset of sporulation as determined
by direct observation using phase contrast microscopy.

The level of

enzymatic activity of the mesophilic mutant was considerably higher
than the closely related mesophile.

The level of aconltase obtained

from the psychrophile was extremely low by comparison.

This phenome

non may be real, or it may indicate that the enzyme in the psychro
phile was more sensitive to the cellular disruption procedure used.

Figure 21.

The effect of pH on the activity

of aconltase of JB, psychrophilus W16A.

0

Q

0 — -— B

acetate buffer
sodium phosphate buffer
tris- HC1 buffer
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Figure 22.

The relationship of the cellular

growth of .B. psychrophilus W16A, JB. psychrophilus 5A-1,
and B. sphaericus, to the production of aconitase.

JB. psychrophilus W16A
_B. psychrophilus 5A-1
I}. sphaerlcus
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There are two basic procedures in the literature for assaying
for aconitase.

The procedure of Anfinsen (1955) uses citrate as the

substrate, and that of Fansler and Lowenstein (1969) uses cisaconitate. Fig. 23 shows the double reclprocial plot (Lineweave r-Burk,
1934) for aconitase activity when sodium citrate was used as the sub
strate.

The Km ~ 1.25 x 10~^ M and the

was 0.253 units.

Fig.

24 shows the same data for aconitase when cls-aconitic acid was used
as the substrate.
0.574 units.

In this case the Km = 0.01 x 10“^ m and the Vmax =

Because of the greater affinity of the enzyme for cis-

aconitate this substrate was used for the remainder of these experi
ments.
A saturated solution of (NH^^SO^ was used in an initial
attempt to salt-out the aconltase.

Table 19 shows that the addition

of M n C ^ stimulated the enzymes activity by a factor of 1.2.

The

precipitate which resulted from the addition of M n C ^ contained no
enzymatic activity.

When the crude extract was brought up to 50%

saturation with respect to (NH^^SO^ all of the enzymatic activity
was associated with the supernatant,

The addition of sufficient

(NH^SO^ to give 60% saturation precipitated 27% of the enzyme activity
with 11% remaining in the supranatant with respect to the crude
preparation.

This left 62% of the activity unaccounted for.

If the

50% saturated solution was raised directly to 70% saturation, 35% of
the activity was found to be present in the precipitate and 15% re
mained in the suprnatant.
was lost.

In this case, 50% of the enzyme activity

Figure 23.

Lineweaver-Burk plot of aconitase

activity with sodium citrate as the substrate.
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Figure 24.

Lineweaver-Burk plot of aconitase

activity with cis-aconitate as the substrate.
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Table 19.

Fractionation of a crude extract from _B. psychrophilus W16A using a
saturated solution of (NH^^SO^.

Sample

Volume
(ml)

Units

Protein
mg/ml

Specific
activity

Total
units

Total
proteins

%
Recovery

Purification

Crude

50

0.90

4.93

0.183

45.0

246.5

100

-

MnCl2
(supernatant)

48

1.15

3.60

0.319

55.2

172.8

120

1.74

50%
(supernatant)

100

0.73

0.93

0.785

73.0

93.0

160

4.28

50-60%
(ppt)

20

0.63

0.56

1.098

12.3

11.2

27.3

-

60%
(supernatant)

50

0.10

0.64

0.156

5.0

32.0

11.0

—

50-70%
(supernatant)

20

0.80

1.66

0.48

16.0

33.2

35.0

—

70%
(supernatant)

68

0.10

0.103

0.97

6.8

7.0

15.0
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The results for the addition of solid (NH^j^SO^ were
similar as shown on Table 20.

Again no activity was recovered in

the 0 - 50% (NH^)2 SO^ precipitate.

About 50% activity was lost when

further fractionation was attempted.
Because the addition of MnCl2 appeared to stimulate.aconitase
activity a study was carried out to determine the effects of various
concentrations on enzymatic activity.

Moreover, MgCl2 was used to

see if it could replace the MnCl2> Fig. 25 shows that the activity of
aconitase was dramatically increased upon the addition of 0.3 x 10”3 M
MnCl2 » Further increase in the concentration of M n C ^ gave a less
dramatic but a steadily Increasing change in activity.

The addition

of MgCl2 gave similar results.
Another attempt was made to fractionate the enzyme using
the stepwise addition of solid (Nlfy^SO^ but this time the various
precipitates were resuspended in a buffer containing the same final
concentration of MnCl2 as that originally added to the extracts to
precipitate the nucleic acids.

Table 21 shows that most of the

activity was retained in the supernatant after the addition of enough
(NH^^SO^ to give 55% saturation.

The majority of the enzymatic ac

tivity was precipitated by the further addition of (NHJ^SC^ giving a
65% saturated solution.

The enzyme activity decreased about 3 fold

as compared to the total units obtained in the 45% saturated super
natant.

A 6.4 fold increase could be obtained by removing the proteins

which precipitated at a precent saturation below 55%.

A considerable

amount of this activity was lost at (NH^jSO^concentrations above this.

Table 20.

Fractionation of crude extract from ]J. psychrophilus W16A by the
addition of solid (NH^^SO^

Specific
activity

Total
units

Volume

Units

Proteins
mg/ml

Crude

50

0.90

4.93

0.182 ,

45.0

MnCl2

48

1.15

3.60

0.319

0-50%
(supernatant)

52

1.10

1.43

50-60% (ppt)

20

0.45

60%
(supernatant)

40

60-70% (ppt)

Total
proteins

%
Recovery

Purification

246.5

100

-

55.2

172.8

120

1.74

0.77

57.2

74.4
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4.3

0.64

0.70

9.0

12.8

20

-

0.42

0.81

0.52

16.8

32.4

37

-

20

0.15

0.19

0.79

3.0

3.8

86

-

70%
(supernatant)

32

0.10

0.26

0.39

3.2

8.3

7

-

50-70% (ppt)

20

0.85

0.98

0.87

17.0

10.6

37

70%
(supernatant)

52

0.000

0.19

0.00

9.9

22

Sample

0.00

4.7

'

Figure 25.

The stimulation of aconitase

activity by the addition of MnCl2 or MgCl2 .

MnCl2
MgCl2
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Table 21.

Fractionation of a crude extract of B. psychrophilus using (NH^^SO^
in the presence of MNCI2

Fraction

Volume
(ml)

Units

Protein
(mg/ml)

Specific
activity

Total
units

Total
protein

1677.0

%
Recovery

Purification

100

1

Crude
(supernatant)

215

1.05

7.8

0.135

225.7

MnCl2
(supernatant)

205

2.25

3.51

0.640

461.7

719.6

204

4.7

45%
(supernatant)

225

2.05

2.20

0.932

461.3

495.0

204

6.9

20

1.70

2.27

0.750

34.0

45.0

169

5.5

9.8

0.30

1.50

0.198

2.9

14.6

14

1.5

55%
(supernatant)

19.9

1.25

1.54

0.870

26.8

30.8

133

6.4

65% (ppt)a

10

1.20

1.44

0.830

12.0

14.4

59

6.1

65%
(supernatant)

19.6

0.10

0.58

0.170

45% (ppt)a
55% (PPt)a

1.95

11.4

9.7

^ h e precipitates were resuspended in 15mM Tris HC1 buffer pH 6.9 containing o3M MnC^.

1.3
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Buchanan and Anflnsen (1949) and Anfinsen (1955) used
ethanol precipitation to partially purify their aconitase preparation
for pig heart.

Several attempts to precipitate the B. psychrophilus

enzyme by the addition of ethanol resulted in the total inactivation
of the enzyme.
A 55% saturated supranatant was applied to a Sephadex-G 200
column to try to obtain further purification.

The total number of

units applied to the column was 8.20 and the total units obtained by
combining the active fractions was 2.26.
pattern from this experiment.

Fig. 26 shows the elution

If a greater head pressure was applied

to the column in order to decrease the time of the separation all the
activity could be recovered but the separation was extremely poor.
Therefore, it is possible that either the amount of time the enzyme
remains on the column or the separation out of a co-factor is responsi
ble for the loss of activity.
The possibility that the loss of enzyme activity was due to
the oxidation of one or more sulfhydryl groups was examined by dividing
the active fraction from a G 200 column into two equal portions which
contained 2.40 total units each.

The fractions were allowed to stand

overnight (12 hr) at 4°C after dithiothreitol was added to one of the
_3
fractions at a final concentration of 1 x 10
M. After a 12 hr incu
bation period the two fractions had identical activities of 1.86 total
units, for a decrease in activity of about 25%.

Thus, the dithio

threitol afforded no protection to the enzyme and the loss of enzyme
activity does not appear to be due to the oxidation of sulfhydryl
groups.

Figure 26.

The elution pattern for

aconitase using Sephadex-G 200 gel filtration.

optical density at 260
units of aconitase activity
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Hydrophobic chromatography was also used in an attempt to
further purify the enzyme.

All of the aconitase activity was eluted

with the initial column wash.

A very slight amount of protein was

retained on the column.
In summary, the attempted purification of aconitase was
hampered by the enzymes apparent instability.

Limited purification

was achieved by the addition of MnCl2 followed by the addition of
(NH^)2S0^ to 55% saturation.

Further purification by gel filtration

resulted in a loss of roughly 75% of the enzyme1s activity.
Dithiothreitol did not appear to stabilize the enzyme.

The addition

of MnCl2 or MgCl2 was shown to stimulate aconitase activity.

CONCLUSION

Several heat sensitive lesions, which have been demonstrated
in various psychrophiles, were investigated in order to determine
their involvement in the loss of viability of ]J. psychrophilus at a
supramaximal temperature.

Unlike M. cryophilus (Malcolm, 1968 a, b) ,

J3. gelida (Nash, et al., 1968) and the psychrophilic pseudomonad
studied by Harder and Veldkamp (1967), B. psychrophilus retains the
ability to synthesize macromolecules for an extended period of time
after the cells cease to be viable.

Only after, about 8 hr of incuba

tion at 35°C did the rates of DNA, RNA, and protein synthesis drop
off.

At this time, the cells had been in a logarithmic death phase

for about 6 hr.

Therefore the onset of death of the psychrophile is

not due to the inability of the cells to synthesize macromolecules at
this temperature.
The loss of cell wall material at the supramaximal temper
ature is also know to occur In B. psychrophilus. To determine whether
this phenomenon could account for the loss of viability a comparative
study was carried out using viable protoplasts and L-forms.

The

death rate at 35°C of the colony forming units of the wall-less
varient was considerably faster than that of the parent organism.
Therefore, the loss of cell wall material at 35°C is not a primary
lethal factor in B^_ psychrophilus.
157
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The enzyme, aconltase, has been shown to be considerably
more heat labile In B. psychrophilus than in its mesophilic mutant or
In a closely related mesophile (Gill, 1972).

Attempts to purify this

enzyme met with limited success due to the very unstable nature of
the enzyme.
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